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ABSTRACT 


A study of the interaction of E. coli tRNA 3'-terminal 
nucleotidy] transferase with various polynucleates and with some small 
molecules was undertaken, with a view to determining some aspects of 
the mechanism by which the enzyme recognizes the RNA substrate. It 
was found that this E. coli enzyme preparation acts in a specific 
manner, catalyzing incorporation of CMP, but not of AMP, into tRNA 
lacking two 3'-terminal residues and of AMP, but not of CMP, into 
tRNA lacking one 3'-terminal residue. Of the polynucleates tested, 
only tRNA is a substrate; however, non-substrate RNA's can inhibit the 
reaction of transferase with tRNA and can bind to the enzyme. These 
complexes are unable to proceed beyond this first non-specific stage 
to catalysis or even to the more specific type of binding that permits 
tRNA to protect the enzyme against thermal inactivation. Binding 
studies with synthetic homopolymers suggest that the binding capacities 
of polynucleates are inversely related to tendency toward base 
stacking. Heat denatured tRNA, which is expected to have more base 
stacking than native tRNA, has less binding capacity and also 
diminished acceptor activity in the enzymatic reaction. 

Study of the effects of polycyclic dyes on this system 
indicates that they inhibit the transferase reaction by association 
with the tRNA substrate. The mode of inhibition does not involve 
intercalation, nor is it merely ionic in character. A positive charge 
is necessary for effective inhibition but not sufficient. Inhibitory 
powers within a series of dyes are related to the relative tendencies of 


the dyes to base stack: the greater the stacking tendency of the 


tenimas-"E AMAZ Lion .3 to noisosretnt sft Yo ybuse A 
flame ance driw bne 2etee! ouny log guoiysv diiw ezsistens1? tybi 2091 aun 
to etosge6 smoze pnininnieteh os woly 6 triw oslerrebay ew estuosfon 
3! .eaevtedve AMA ond gexinooss7 amysne saddle yd’ maitnertoem arta 
aitioeae 8 ai eto nolyereqeta snysno foo 3 eids 38H bowel? caw 


AWAY ofnl .9MA Yo som gud , WD Yo nolsesoqroonl pnisyletss \tennem 


ognt ,9M9 Yo son aud ,9MA to bre esubize tentanat"— ows enitolosi 
b93e0) easselsunvled edt 70 seubizey Tentmaa-"€ eno gmllastianny 

efi? sidipini np 2 AUF 93671 edue-rion -tsvewor ;st67sedve 6 21 AWAD yino 
sesiT .saryzes orl? o¢ bnid neo bre AMAI dtiw seeietensi3 to nolioset 
spese ottiseqe-non teri? 2ird bnoyed beso01q of sldenu sy6 esxeiqnos 
2yimusa fend pribaid Yo sqyt si@iosqa arom oy oF neve WO 2leylsten of 
pnibold -nolsevissent lemreds teniees smysne sda fosvo1q ot AWAD 
esittosqno enibnid sit ted? tzapgue eremyloqomod sitedtnye daiw eotbuse 
gead brawos yonsbrsd of bsjgisy yloerevai ans zsdnelsuny!oq to 

seed siom over of beatoeqxs 2] doidw ,AMAs bewwtensh JsoH .pnidosie 


els bre ysiosge> bnibrid eee! eer , AMWAY svisten meds onislosse — 


noltoss; oltemysas odt nl yiiviios yoraseas berelnimib 

msjaye 2idt no esyb oitaysyloe Yo eto9t1s sii to ybus2 
noltelooaes yd noitoset see xstene1t oft sididni yars tery asteoibni 
sviovni ton 260b noitididn) to sbom sdT vedertedue AMAY oly datw 
apres evisizoa A .1e226%er10 mi ainot ylevem ti al von ,noltelsotsial 
yiotididal .aineioitiwe jon sud noltididni svitaei%s 10% yiseesoen 2) 
to avlonebres evitele ot oF batd6loy 916 e9yb Yo 2al1982 6 nidaiw z1ewoq 
silt Yo Yonsbnod walsiasze ails sa98s%0 ory ssowae saad of amyb oft 


| , | " Sega 
vi _ oe a 


heterocycle, the more effective it is as an inhibitor. Fluorescence 
data support this hypothesis, providing evidence that the greater the 
stacking tendency of the polynucleate, the greater the association 

with acridine orange. There is also indication that bulky substituents 
on the dyes decrease inhibitory power. These polycyclic dyes inhibit 
the first stage of the transferase reaction, causing a reduction in the 
binding of RNA to enzyme. 

Polyamines stimulate transferase activity at low 
concentrations and depress it at higher concentrations. The more cationic 
species are more stimulatory, and the effects are additive, suggesting 
that, in this system, polyamines are not mere replacers of Homer The 
inhibitory effect of polyamines is due to association with tRNA which, 
at very high concentrations (10 mM), causes precipitation of the RNA. 
tRNA protection of transferase from thermal inactivation declines 
steadily as spermine concentration increases, indicating that the 
stimulatory effect observed in the transfer reaction is not due to an 
influence on tRNA-enzyme association, prior to the binding of the 
nucleoside triphosphate substrate. 

At a very low concentration ATA inhibits the transferase 
reaction by association with the enzyme. It inhibits the binding of 
both R17 RNA and tRNA to transferase and thus represents a probe of 
the non-specific nucleic acid binding site(s) on transferase. Other 
triphenylmethanes are also inhibitors but appear not to be so 
specific as ATA: there is a 40-fold difference in inhibitory power 
between ATA and the next most effective inhibitor in this series. The 
specificity, then, of ATA renders it very attractive as a probe of an 


enzymatic recognition site for transfer RNA. 
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CHAPTER 1 


INTRODUCTION 


Some of the first cell-free studies of nucleotide incorporation 
into polynucleotide material were performed using crude homogenates 
from various mammalian tissues. Strangely, these systems showed thet 
AMP was incorporated more readily than the other nucleotides, as for 
example in homogenates of pigeon liver (1), rat liver (2,3), and 
Flexner-Jobling carcinoma tumour (4). Moreover, it soon became clear 
that the AMP incorporation occurred adjacent to cytidine residues only. 
Like other nucleotide-polymerizing reactions, the nucleoside 
triphosphate was found to be the substrate (5). However, this 
incorporation was regarded as anomalous because it was known that the 
average base ratios of various ribonucleic acids were close to 
A:C:G:U = 1:1:1:1 (6). tf the incorporation were due solely to net 
RNA synthesis, it was not logical to have such a high nearest~-neighbour 
frequency for CpA, in preference to the other three neighbouring 
frequencies. 

A partial explanation of the above phenomena became 
available through a report from Zamecnik's laboratory in 1958 (7). 
They discovered that an enzyme from Ehrlich ascites cells induced 
incorporation of CMP and AMP (as well as some UMP) into so-called 
soluble RNA (tRNA in present terminology). Moreover, CMP and AMP 
were added in sequence, with AMP being mostly terminal. The reaction 
was reversible. Using a rat liver enzyme, Goldthwait (8) demonstrated 


magnesium-dependent AMP acceptance by two sRNA fractions that had been 
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separated on Ecteola-cellulose. Thus the substrate had at least been 
defined, through which it was obvious that net RNA synthesis was not 
being observed. However, the function of this enzymic activity was 
not understood at this stage. 

Part of the solution to this question came from progress that 
was being made in the chemistry of ribonucleic acids, especially tRNA. 
Zamecnik and his colleagues was able to establish in 1958 (9) that the 
intact -pCpCpA-OH 3'-terminus of tRNA is required to permit amino acid 
binding to the RNA (or aminoacylation as it is now known), and in 1959 
(10) that amino acids are bound in ester linkages to the 2'- or 3'- 
hydroxyl of the ribose moiety on the terminal adenosine. Subsequently, 
Allen and Schweet found in 1960 (11) that tRNA lacking the terminal 


14 


nucleotides does not stimulate [ C]-leucine incorporation into 
hemoglobin. These findings imply that a terminal] adenosine on tRNA 
provides the acceptor site for aminoacylation, which is the first 
step toward protein biosynthesis. There seemed to be an enzyme which 
provided for regeneration of the 3'-terminus of tRNA: tRNA 3'-terminal 
nucleotidy] transferase (E.C.2.7.7.25), referred to as ''transferase'' 
in this thesis. 

lt was then postulated that perhaps the 3'-terminal nucleotide 
of tRNA was cleaved after each cycle of amino acid transfer in protein 
biosynthesis. In an effort to test this, in vivo studies were 
initiated in 1962. Scholtissek demonstrated end turnover of rat liver 
tRNA for the last nucleotide only (12). Herbert's laboratory found RNA 
terminally labelled with both AMP and CMP in rabbit reticulocyte red 
cells (13). AMP turnover was also demonstrated in yeast (14,15), in 


E. coli (16,17) and in sea urchin embryo (18). These studies extended 
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until 1965, by which time it was clear that the turnover rate was too 
Slow to account for protein synthesis. Moreover, in 1966, Holt et al 
(19) demonstrated that puromycin had little or no effect on AMP and CMP 
incorporation into the tRNA of intact reticulocytes although it 
inhibited the rate of leucine incorporation into protein by 98%. 


This is direct evidence that the two systems are uncoupled in vivo. 


Cannon (17) suggested that the observed turnover was 
essentially a repair mechanism: ribosome-bound RNase |! (an exonuclease 
requiring single strandedness (20)) randomly degrades the tRNA terminus, 
and this damage is repaired by transferase. This would result in 
turnover of the terminal AMP and CMP. In this regard, it is 
interesting to note that in 1964 Zubay and Takanami found that at 20°C, 
only two residues of the 3'-terminus of transfer RNA are present in an 
unhindered and single stranded state (21). This mechanism would thus 
account for turnover in actively metabolizing mature cells. 

On the other hand, for the sea urchin embryo, another 
interesting possibility was proposed (18). Embryonic growth to the 
lk-cell stage is accompanied by uptake of radioactive phosphorus in the 
-pCpCpA-OH end of tRNA. GliSin and GliSin suggested that the addition 
of the -pCpCpA may trigger protein synthesis after fertilization, since 
all other components are present before that event. 

Another basic role of the transferase system is suggested by 
the results of Altman (22). He found that the precursors of tyrosine 
tRNA exist as mega-molecules containing more than one copy of the 
tRNA. The copies seem to lack the usual 3'-terminal -pCpCpA sequence. 
If this is so, then the cytoplasmic enzyme which completes this 
sequence is essential to tRNA maturation and thus to protein 


biosynthesis. 
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While the above functional studies were proceeding, other 
investigators were pursuing a basic characterization of the enzyme 
system. The results summarize as follows. The reaction catalyzed by 
transferase does not produce net RNA synthesis: the enzyme has little 
in common with RNA polymerase for example. The pH optimum for al] 
transferase systems studied so far is 9 - 9.5 (23), whereas the pH 
optimum for net RNA synthesis is 7 - 8.5 (24). Furthermore, the 
transferase reaction is not sensitive to actinomycin D, as is RNA 
polymerase (25). There have been other nucleotide-incorporating 
enzyme systems reported that do not produce net RNA synthesis (26,27), 
but on close examination they seem to be different from transferase. 
After the transferase enzymes from various sources began to be 
purified, several salient features of the system emerged: AMP and CMP 
incorporating activities co-purified and were sensitive to heat and to 
trypsin digestion (28,29). In addition to the tRNA product, pyro- 
phosphate was also liberated. Berg's group demonstrated that amino 
acid accepting activity could indeed be restored to tRNA, which had 
been inactivated by snake venom phosphodiesterase, by re-addition of the 
-pCpCpA terminus (30). tRNA that is degraded beyond the terminal three 
nucleotides cannot accept CMP (30,31). The reversibility of the 
reaction is not quite complete: for the yeast enzyme, only one CMP is 
removed by pyrophosphorolysis (the reverse of incorporation), while two 
can be replaced if removed by other means (32). 

Thus the basic reactions that can be observed in this system 
reaardless of the biological origin of the enzyme, are: 


2+ 
tRNA-pX + 2cTP + ATP —U9°-_, tRNA-pXpCpCpA + 3PP. 


2+ 
tRNA-pXpCpCpA + 2PP. gn tRNA-pXpC + CTP + ATP 
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This system presents a unique opportunity to study protein- 
nucleic acid interaction. First, the basic processes of the reaction 
have been well characterized, so that the effects of perturbers of the 
system can be assessed. Second, it is as simple a system as there is 
presently available: there is interaction between one of the smallest 
species of RNA (tRNA) and enzyme, and between two nucleoside 
triphosphates and enzyme. This makes it a practical model for protein- 
nucleic acid interaction. A third advantage of considerable importance 
is the fact that the primary and secondary structures of tRNA's are 
largely known (see for review, Ann. Rev. Biochem. (33)). Primary 
sequences have been determined for many tRNA species, and the clover- 
leaf model for secondary structure seems to account for many of the 
observed physical and chemical properties of tRNA. It is important to 
note that transferase is able to interact with all tRNA species. This 
is in marked contrast to the aminoacyl-tRNA synthetases, each of which 
is specific to a single tRNA species, under normal conditions. The 
primary sequences of different tRNA's show no similarity, except in 
the 3'-terminus, the pseudouridine icone and the dihydrouridine loop. 
Therefore, the recognition of tRNA by transferase should involve 
features common to all tRNA molecules, either in primary or higher 
structure. 

The question thus arises as to how this recognition 
mechanism can be investigated. One possible approach is kinetic 
studies. This method has served to demonstrate that there are two 
separate sites on the enzyme for ATP and CTP. This conclusion was 
reached for both the rabbit muscle (34) and the E. coli (35) enzymes, 


although the types of inhibition kinetics were different. However, it 
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is difficult to extend this method to an investigation of the inter- 
action between transfer RNA and enzyme. First, it is not known whether 
there is a single site of association with the RNA molecule or multiple 
sites. This makes interpretation of kinetic data difficult. Another 
problem is the fact that kinetic experiments generally require 
homogeneity of the substrates. In this case, the complexity of the 
tRNA substrates gives rise to difficulty since the enzyme does act on 
all species of tRNA. Hence conclusions drawn from kinetic experiments 
using a single amino acid accepting tRNA species cannot be generalized. 
Conversely, kinetic experiments using mixed tRNA's may represent only 
an averaged condition. 

A second possibility would be to investigate cases where the 
enzyme ''misbehaves'' by recognizing incorrect substrates. There have 
been numerous instances of this type of event, especially in the 
mammalian systems. These include cases in which the ''wrong'' nucleo- 
side monophosphate is incorporated into tRNA (23,31,36-41). Depending 
on the reaction conditions, virtually all mammalian systems can 


catalyze reactions such as the following: 


tRNA-pXpC + ATP ——» tRNA-pXpCpA + PP, 
tRNA-pXpC + UTP ——» tRNA-pXpCpU + PP, 


tRNA-pXpCpC + CTP ————> tRNA-pXpCpCpc + PP. 


Of these products, only tRNA-pXpCpA is able to carry out the 
normal functions of tRNA (aminoacylation, peptide transfer (31). 


tRNA-pXpCpU and tRNA-pXpCpCoC are not capable of accepting AMP. 
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In addition, some transferase systems can recognize poly- 
nucleates other than tRNA: Yot et al found that the E. coli enzyme 
could use as substrate turnip yellow mosaic virus RNA (42). It was 
then established that this RNA actually contained a tRNA-like structure 
at the 3'-terminus. However, some mammalian enzymes will catalyze a 
poly-C polymerase-type reaction, in which lengths of poly-C sequences 
are added to such species as 5S RNA (38,39). In E. coli some purified 
preparations do catalyze misincorporation (41), while others do not 
(43). 

There are two major difficulties in interpreting these 
misincorporation studies. One is the difficulty in determining what 
permitted the association of the ''incorrect'' nucleic acid or nucleotide 
substrate with the enzyme. Was it structural similarity to the norma] 
substrate or some other undefined process? The misincorporation 
reactions seem to occur more readily in the presence of manganese || 
(instead of magnesium ion) or in the presence of high enzyme 
concentrations (38,39,41). Although many of the enzyme preparations 
are highly purified, none attain complete homogeneity. There is also 
some evidence that multiple species of transferase exist. Gross et al 
have resolved their purified E. coli enzyme into two peaks of activity 
(44). In addition, Mukerji and Deutscher have isolated a mitochondrial 
transferase from rabbit liver (45) which may correspond to one of the 
two activities Deutscher had observed earlier (39). It is not at 
present known whether these multiple transferases behave similarly 
with respect to misincorporation. In view of these problems, it is 
difficult to draw conclusions from these data, concerning the 


mechanism of recognition of transfer RNA by transferases. 
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A third type of approach is to examine structural aspects of 
the recognition mechanism via chemical modification of the transfer RNA. 
Some very useful information has become available through this means. 

!t has been found that tRNA blocked at the 2'(3')-hydroxyl of the ribose 
moiety on the terminal adenosine can not be pyrophosphorolyzed (46,47). 


Pulkrabek and Rychlik (47) suggest that the enzyme may require a free 


cis-hydroxyl configuration at the 3'-terminal ribose. In 1971, von der 
Haar et al reported that when tRNA-pXpcpcPre was treated first with 


' ' 
NalO) and then with NaBH) to remove the C6-C, bond, thereby destroying 


the hydroxyl cis-confiquration (tRNA~pXpCpCe'e 4), it could not be 
pyrophosphorolyzed (48). On the other hand, tRNA-pXpCpCparre could 


be pyrophosphorolyzed, and there is no cis-hydroxy!] in either of these 
species. Thus the effect of blocking the 2'(3')-hydroxy!] (46,47) is 
likely due not to loss of the cis-hydroxy] but to bulky substitution at 


that site. Von der Haar et al explain the different behaviour of 


phe 


on the basis that oxidation 
oxi-red 


tRNA-pXpCpcere and tRNA-pXpCpCpA 
and reduction distorts the ribose configuration: this distortion would 
be different for Co. and Ao6: 

Other chemical studies have indicated that transferase is 
tolerant to modification at the 5'-hydroxyl of the terminal ribose 
moiety (49) and at the C5-position of a terminal cytidine (50). On the 
other hand, deamination of a terminal cytidine to uridine causes loss 
of AMP acceptance (51). This is consistent with the results of Daniel 
and Littauer which indicated that the misincorporation product tRNA- 
pXpCpU does not accept AMP (31). 


However, studies on the function of the 3'-terminus of tRNA 


in the recognition process must also take into account another fact. 


AMA yaten679 wis No eat on, vimied> 
-ensam 213 fovonts ofteliave py ap ae be ea onc 
seodiy adj to fyxorbyd=('E)'S ant 76 barlootd ao gan bruot need eed a 
. (Td ae) basyforadqzadgory9 od Jor 62 onizonabs fsnimrst sda no vein 
9917 & stiupes yem emyrns odd 363 Jesppue (TF), deni bon doderttud 
yeb nov .FXel al  .seodin Nia ons - noi asrip{ Taos tyxorbyd=2t> 


Atiw teti? bates? 2ew pis Lo tind Hail Ls bs37009" le 32 166H — 


paiyortesb ydarais .brad p62 ad? svome ot arden diiw ned bie poleit 


arfq 
bo7- Ixoe 


biun nicl 2a aqrake- AVA ,bned saddo add nO . (Ba) bssy lorerdgeodqesyq 


geet to raftia ni fyxersyd-2i9 on 2i sisdd bas ,basylovorqenrqorya od 


od ton bluos 31, f o2aXq-AMA2) noi 3e5upi Inon~ sip lyxovbyrt ens 


2i (TH, ak) bygorbyd-('&) 'S ght anidtodld Yo toatts offs evdT .eatoege 
16 noisusisedue yAlud o3 Jud fyxoubyri-ais edt ta ezo! oF Jon sth yloollf 
to wolvarisd jnaxaitib adz iis Je 39 186H tab nov .atte ted 

S sriq 
noitebixo tnd? ziesd 93 no a ~ "aqiqaqXq-AKAy bas bor= fe aha AAS 
bfuow molsyor2ib 2idt <snoideruoiinos szodi4 sda etnodeib qoitouber bre 
“aye bris ay? yoT snsreitib ed 

2) sesrstenans tera batssibni sved estbute Ieotmerns xsfd90 

s2odin lsnimisd st to lyxorbyd-'2 ofa 36 nolieai?ibom o3 taerslos 
aig nO (02) snibistys Isnimies 6 to noisizog-29 ora am tne (@4) ytelom 


220! eseuso enibiaw oF entbitys fsnimest 6 to nolsenimesb , based vedio 


foined Yo extueey oa diiw tneseienoo 2] 2idT . (12) somszqe396 IMA Yo. 


“AWA JouboTg nolseroqroon {ein odd sed barsoibnl doidw isuessit bas 
OR) SMA aqa028 Jon cot vaaqxa 

AVA2 Io anctiniae= “f sii to noitonut ods no eatbuse 1 V8VEeWwoH . 
«1987 radt0n8 eee. de is ote. vi beret ie: oo at 


* se 


: , ia 
vie - ! - 7 77 a = ; Ai — oi an ~~ a 7 


Namely, neither R17 RNA, which has the 3'-terminal -pCpCpA, nor 
synthetic polynucleates such as poly-C or poly-AC are substrates of 
the enzymic reaction. The other invariant sequences of tRNA, in the 
dihydrouridine and pseudouridine loops, should also be investigated. 
These other regions of the molecule can be chemically modified, for 
example, by deamination (52), photo-coupling reactions (53), and 
excision reactions (54). Unfortunately, there are inherent 
difficulties in these methods. Many of the available reactions are 
relatively non-specific. Moreover, most of the relevant sequences 
in tRNA are protected by secondary or tertiary structure in the 
native conformation. Thus it is difficult to induce alteration in 
these regions without massive and undefined modifications elsewhere. 
This was not a severe problem in the study of the 3'-terminal sequence 
because, as mentioned earlier, this sequence is largely exposed in a 
Single stranded and unhindered state so that these nucleotides react 
much more readily than internal nucleotides. Also, of course, there 
is a specific reaction available for 3'-termini of nucleic acids 
(i.e., the periodate reaction). 

Even if specific reactions can be found, there is also the 
problem that it is not known what effect modification of the primary 
structure of tRNA has on secondary and tertiary structure. Thus it 
is difficult to determine whether a disruption of the recognition 
process is due to the primary alteration or to undefined secondary 
and tertiary alterations. 

Fragmentation experiments represent a fourth approach to 
the study of the recognition mechanism. The tertiary structure 


permits specific fragmentation of tRNA into half-, quarter-, or three- 
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quarter-molecules by RNase T] (55). The fragmented tRNA can then be 
examined for nucleotide accepting activity in the transferase system. 
Gross et al found that the E. coli enzyme could cause tRNA 

fragments of chain length 40 to accept AMP (44). Zachau's laboratory 
published fragmentation results on tRNA>°" and tRNAPhe from yeast (55). 
There was about 13% accepting activity for the 3'-half of ERNAPNE 
tested alone. When this was combined with the 5'-half of tRNAPME 
almost complete recovery occurred. Likewise, this recovery could be 
almost complete when the 5'-half of tRNA>o" replaced that of tRNAPPE. 
combining the 3'-half of tRNAS®” with the 5'-half of tRNAP® did 

not result in recovery of activity. Interpretation becomes difficult 
because a question arises as to the fidelity of the reassociation 
process. That secondary structure is important to the recognition 
process was first discovered in 1967, when Lindahl] eye investigated 
a renaturable yeast tRNA-pXpcpc |e" and found that AMP incorporation 
occurred readily when the nucleic acid was in its native conformation 
but poorly when it had been denatured (56). In 1971, Igarashi and 
McCalla reported a similar phenomenon for CMP incorporation into bulk 
E. coli tRNA (57). Therefore a negative result in fragmentation 
experiments is often impossible to interpret. Another limitation of 
this method is the difficulty of examining the first step of the 
recognition process (binding of the tRNA to the enzyme). It is known 
that there is possible non-specific interaction between enzymes and 
various types of RNA's, as demonstrated in the aminoacy]-tRNA 
synthetase system (58). Thus it is not useful to attempt binding 


studies using fragments of tRNA. It seems that a necessary type of 


investigation to pursue would be a general study of structural 
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requirements, including where possible those related to primary 
sequence of tRNA. 

A fifth approach is to investigate enzymic thermal stability 
changes due to binding of substrate. This method is particularly 
useful in isolating the events of the transfer reaction, as these 
relate to the tRNA substrate. Ona agross scale, the first event 
will be binding of the tRNA to the enzyme, then (perhaps) a 
conformational change in enzyme and/or tRNA, and finally the actual 
catalytic event--incorporation of the mononucleotide into tRNA. Each 
of these steps is amenable to study, via a combination of the above 
approaches. 

Binding of tRNA to enzyme can be measured in various ways. 
Among the methods that have been used are sucrose density gradient 
centrifugation (59) and millipore filtration (57,60). Of these, the 
millipore method is the less harsh process, capable of detecting 
less stable complexes than the other. However, the sensitivity of 
the filtration method does depend on experimental detail so that 
comparison among results of different groups is difficult, as will be 
discussed in Chapter 3. 

Whether observed binding represents catalytically important 
binding can be determined in two ways. If the substance binds in the 
catalytic site in precisely the way a normal substrate does, then one 
could expect incorporation to proceed. If, however, the binding 
substance is not a substrate as determined by incorporation, it may 
still bind in an enzymatically important fashion. -If it does so, 
then one can expect that it will inhibit the normal incorporation 


reaction using the tRNA substrate (57). 
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A substance may do all of this and yet not proceed beyond 
this first stage of the transfer reaction. One measure of whether the 
reaction proceeds beyond this stage is determining if the binding 
substance provides protection against thermal inactivation of 
transferase. As mentioned earlier, transferase is sensitive to heat. 
lt can be protected from inactivation by the presence of tRNA or the 
nucleoside triphosphates (43,57). Interestingly enough, Miller and 
Philipps have found that acylated tRNA is able to protect the E.ecold 
enzyme, in spite of its not being a substrate for the transfer 
reaction (46,47). Extensive digestion of tRNA with snake venom phospho- 
diesterase, especially after removal of about 9 nucleotides from the 
3'-terminus decreases ability to protect the enzyme. The 3'-terminal 
neck appears to have considerable importance in the recognition 
process. In 1971, Chapeville's laboratory succeeded in producing a 
sepharose-bound transferase from E. coli which had greater heat 
stability than the soluble enzyme (61). However, tRNA failed to 
increase that stability as it does for the soluble enzyme. These 
somewhat random points may serve to indicate some of the scope of 
thermal inactivation studies. 

In this thesis, the methods used were the four basic types 
of study discussed immediately above: 

1. Incorporation of mononucleotides into tRNA 

(E. coli) 
2. Binding of polynucleates to transferase (E. coli) 
3. Inhibition of the transfer reaction by 

"binding substances" 


4, Thermal inactivation 
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The aim was to determine some aspects of transferase 
recognition of its substrate nucleic acid. Each too] was used as a 
probe of the appropriate stage of the reaction as outlined above. 
Incorporation measures the sum of the stages, binding the first 
stage, and protection against thermal inactivation all those stages 
that precede actual catalysis. Inhibition by the ''binding substances"! 
is a test of the type of binding. In addition to these basic studies, 


the methods were also used to assess the effect of perturbers of the 


system: polycyclic dyes, triphenylmethane dyes, and polyamines. 
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CHAPTER 2 
MATERIALS AND METHODS 


Chemicals 


The following radioactively labelled chemicals were purchased 
from Schwarz/Mann: (FHIcTP (20.4 Ci/mmole), [H]ATP (21.7 Ci/mmole), 
enimotyes (6.15 mCi/mmole polynucleotide phosphorus), [7H] poly-U 
(7.76 mCi/mmoleP), [eAlpolyc (6.97 mCi/mmole P), [7H] poly-AU 
(8.8 mCi/mmole P), [3H] poly-cu (7.5 mCi/mmole P), Witc ladenine 
(52.6 mCi/mmole), Hernpact (60 mCi/mmole). CTP and ATP were also 
from Schwarz/Mann. [FH] poly-G (31.7 wCi/mmole P) was obtained from 
Miles Laboratories Inc. Proflavine sulfate, acridine orange, and 
ethidium bromide were from Calbiochem, while 9-aminoacridine and 
fluorescein were obtained from Sigma. The other polycyclic dyes, as 
well as all the triphenylmethane dyes except ATA (from Fisher 
Scientific Co.) were Baker products. L-lysine monohydrochloride, 
Norit-A, phosphodiesterase from Crotalus adamanthus venom (type !1), 
and alkaline phosphatase were from Sigma. The polyamines were 
obtained from Mann Research Co. Hexadecylcetyl]trimethy] ammonium 
bromide was obtained from Eastman Organic Chemicals. Tripticase 
Soy Bean Broth was a product of Baltimore Biological Laboratories. 


All other chemicalswere reagent grade from Fisher Scientific Co. 
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Biological Materials 


E. coli tRNA was purchased from Schwarz/Mann. R17 viral RNA 
was extracted from virion according to the method described earlier 
(62). Briefly this was as follows: 

E. coli was grown in TM-medium (in grams per liter: 6.05 Tris, 
Secemalvetcvacia = 26 5eNatl. 2.0 KCl. 1 NH) Cl, 0.142 Na HPO, , 0.142 
Na,S0,, and 0.025 MgS0),°7H,0; the pH was adjusted to 7.3 with 5 N NaOH). 
TM-medium was supplemented with 1 ml of 50% glucose and 0.5 ml of 
0.25% L-methionine per 100 ml. The cells were grown in two steps. 
First, a culture medium was incubated with E. coli Kl2 Hfr met- and 
incubated overnight at 37°C in a rotary shaking water bath. Then 0.2 
ml of the overnight culture was reinoculated into 50 ml of fresh 
culture medium, and allowed to grow at 37°C for 3 hr with shaking. 
Fifteen minutes before infection, the shaking of the water bath was 
reduced to minimize breakage of F-pili from the host cells. Phage R17 
was added to the culture at a multiplicity of infection of 20. 

Shaking was increased to moderate speed after 10 min of infection. 

120 min after infection, NaCl was added to a final concentration of 

0.1 M, and this was followed immediately by the addition of 150 ml of 
ethanol. This suspension was kept in the cold overnight, after which 
the precipitate was collected by centrifugation. Phage particles were 
purified from the pellet by successive washing with buffer (SO mM 
Tris-HCl, pH 7.4--1M KC1--ImM EDTA) using high speed ultracentrifugation 
(150,000 XG for 90 min). RNA was then extracted by the sodium 


dodecy] sulfate (SDS)-phenol method (63). 
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When radioactively labelled R17 RNA was required, an 
appropriate amount of leech igri, fs and chen ee was added at 20 min 
after infection. Phage were harvested by the standard method, and 


viral RNA was extracted as above. 


Preparation of RNA Free of 3'-terminal Adenine and Cytidine Residues 
Method A 


This procedure involves stepwise degradation by a modified 
periodate method (64). 50 mg of tRNA was dissolved in 1.0 ml of 0.2 M 
NaCl and put into a round-bottom centrifuge tube with a stirring 
magnet 1/8 x 3/8 in. A 2.5 ml aliquot of 0.1 M hexadecylcetyltri- 
methylammonium bromide (CTA-Br) was added slowly at room temperature 
with constant stirring. After two additional] minutes of mixing, the 
magnet was removed, and the insoluble CTA-tRNA complex was spun out at 
10,000 r.p.m. for 10 min using a type JA20 rotor in a Beckman J2] 
centrifuge at room temperature. The precipitate was dissolved in 1.5 
ml 1M lysine buffer (pH 8.5), and subjected to periodate treatment 
as follows. A 0.5 ml aliquot of 2 M lysine-HC] (pH 8.5) and 0.5 ml 
30 mM periodate were added, and the mixture was incubated in the dark 
at 45°C for 2 hr. After cooling to room temperature, a 10-fold 
molar excess of ethylene glycol was added to quench unreacted 
periodate. Water was then added to precipitate the RNA-CTA complex 
by reducing the chloride concentration to less than 0.2 M. After 
centrifugation, the pellet was washed with 0.2 M NaC1--0.01 M CTA-Br 
and was redissolved in 1 M NaCI--0.2 M lysine-HC] (pH 9)--0.005 M 
ethylene glycol. Alkaline phosphatase (10 units) was added and the 


solution incubated at 37°C for 3 hr. The RNA was then precipitated, 
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dissolved in 1 M NaCl, reprecipitated, and finally dissolved in 1 M 
lysine-HCl (pH 8.5) in readiness for another cycle of treatment. If 
sufficient cycles of treatment had been performed, 1/100th volume of 
1M MgCl. and 2 volumes of ethanol were added after the incubation with 
phosphatase, and the tRNA was collected by centrifugation. The tRNA 
free of CTA thus obtained was washed with a 1:1 mixture of ether and 
ethanol and with ether. After the dried precipitate had been dissolved 
in water, the tRNA was ready for use in the assay system. 

When RI7 RNA was treated with periodate, the same conditions 


and proportions as above were used. 


Method B 


This method is based on limited digestion of the 3'-terminus 
of RNA by snake venom phosphodiesterase. tRNA (50 mg) and 0.045 unit 
of phosphodiesterase were incubated in 1 ml of 0.1] M lysine-HC] 

(pH 8.5)--1.2 mM MgCl. at 37° for 30 min. The reaction mixture was 
extracted three times with |] ml of phenol, and the phenol layers were 
re-extracted with water. The water layers were then pooled and 
precipitated by the salt-ethanol method. Precipitation by ethanol] 
without prior phenol extraction did not destroy al] the snake venom 
phosphodiesterase activity. The precipitate was washed with ether - 
ethanol and ether, dried and dissolved in water. These conditions 
result in tRNA which can accept CMP, but not AMP, in the transferase 
reaction. This fact suagests that, on the average, not less than 

two residues were removed from the 3'-terminus of tRNA. tRNA 


treated as above is designated s.v.tRNA in this thesis. 
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cM ciRrI7 RNA (and unradioactive R17 RNA) free of the 3'- 
terminal residue(s) was prepared by this method at the same enzyme- 
substrate ratio in terms of moles. Paper chromatography (as outlined 
below) of the released radioactive nucleoside(s) revealed that 
adenosine was the major product. It appears that the 3'-terminus of 
R17 RNA is not as accessible to phosphodiesterase as that of tRNA. 
ccqRI7 RNA treated as above is designated Ccls.v.RI7 RNA, 
unradioactive R17 RNA as s.v.RI7 RNA. 

Tritiated tRNA free of the terminal adenine was prepared by 
incubating 5.6 mg of s.v.tRNA and 500 yq of RNase-free transferase at 
37°C in 20 ml of 0.1 M Tris-HC] or 50 mM glycine-NaOH (pH 9.0)--0.01 M 
MgC1,--0.001 M mercaptoethanol (BME), to which 0.19 mCi of (FHI cTP had 
been added. At 60 min, the RNA was precipitated by the CTA method. 
After being dissolved in 1 M NaCl, it was precipitated by the ethanol- 


salt method and washed as usual. This tRNA is designated [3H] CMP-tRNA. 


Desalting and Identification of Bases and Nucleosides 


Supernatant solutions containing bases or nucleosides 
released from RNAs by either of the methods given above were desalted 
and chromatographed. A method for desalting bases and nucleosides 
using activated charcoal (Norit-A) was developed. Norit-A was 
washed prior to use as follows: (1) three times with water, (2) three 
times with 9 M formic acid, (3) three times with 9 M NH),OH, (4) three 
times with isopropanol -NH),OH-H,0 (9:6:5), and (5) with water until 
the effluent pH was neutral. A small amount (0.3 g) of this washed 
charcoal was put into a sintered glass funnel which was attached to 


a vacuum system. The base or nucleoside solution was filtered through 
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the charcoal under vacuum and washed with water to remove salts. The 
retained base or nucleoside was eluted with a mixture of isopropanol- 
NH), OH-H,0 (9:6:5). This method gave over 90% recovery of all the 
common nucleosides and bases. This effluent was collected and flash- 
evaporated. The residue was dissolved in 1 M acetic acid or 0.1 M 
HC] and spotted on Whatman No. | paper that had been impregnated with 
1M (NH),),S0)- The chromatogram was run using as solvent a mixture 
of ethanol-H,0 (8:2) (65). 

Periodate treatment of E. coli tRNA resulted in the release 
of adenine in the first cycle and about 61% cytosine and 39% adenine 
in the second. The amount of adenine released in the first cycle per 
milligram RNA is approximately equal to the amount of cytosine 
released in the second cycle per milligram RNA (A,/C., =] 2.06) <« This 
suggests that cytosine is removed in sequence after adenine, in 
keeping with the fact that the 3'-terminal sequence of tRNA is 
-pCpCpA-0OH. The adenine released in the second cycle may be the 
result of periodate removal of an internal residue which is accessible 
to periodate because of a nick in the chain. This removal may or may 
not affect the acceptor activity of the RNA molecule. However, a teas 
excess of RNA is always used in the assay mixtures so that these few, 


possibly inactive, species would be undetectable. 


Isolation of Transferase 


E. coli K-12 was grown in Tripticase Soy Bean Broth medium, 
and harvested by continuous-flow centrifugation. The soluble 
proteins were obtained as described earlier (66). The harvested cells 


were stored at -20°C until used. They were then thawed and suspended 
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in 1 ml of buffer-A (0.01 M Tris HC] (pH 7.8)--0.010 M MgC1,--0. 006 M 
B-mercaptoethanol) per mg of cells. Two micrograms of DNase 
f—.C.3.1.4.5] were added for each ml of suspension. The cells were 
disrupted by sonic oscillation for 5 min at 1 KC per sec. The 
resulting suspension was clarified by centrifugation at 30,000 x g for 
15 min ($30 fraction). Any pellet was resuspended in buffer-A, 
re-sonicated, and re-clarified. The supernatants were combined and 
clarified by ultracentrifugation at 120,000 x gq for 90 min. 

The supernatant proteins ($120 fraction) were adjusted to 20 
mg/ml and 0.02 mg of protamine sulfate in solution was added dropwise 


for each A unit. Fifteen minutes later, the precipitate was 


260 
collected by centrifugation at 30,000 x g for 10 min and suspended in 
buffer-A. After being allowed to stand at 4°C overnight, the 
precipitate was collected by centrifugation (10,000 r.p.m., JA20 
rotor, Beckman J21 centrifuge). The precipitate was then resuspended 
in buffer-A containing 0.1 M KCl. The transferase-containing 
supernatant fraction (PS 11) was then subjected to batchwise 
chromatography on DEAE-cellulose (Carl Schleicher and Schuell] Co.). 
Activity occurred mostly in the fractions eluted at lower salt 
concentrations (0.15 M KCl). 

Proteins eluted from the column with 0.15 M KCl] in buffer-A 
were precipitated at 4°C with ammonium sulfate at saturation 
concentration (B fraction), then dialyzed overnight against buffer-A. 
After the dialyzed solution was clarified by centrifugation, the 
supernatant was diluted five times with buffer-A and loaded to a 


DEAE-cellulose column previously equilibrated with buffer-A. Proteins 


were eluted by a linear gradient of KC] from 0 to 0.3 M, using an ISCO 
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U.V. monitoring system. The fractions were assayed for transferase 
and RNase activity. The transferase assay was done using 2/5 of the 
standard incorporation system as described below. 

The RNase assay was done as described earlier (67). Briefly, 
the assay was conducted at 37°C in 0.2 ml of reaction mixture containing 


OMiMelgicatG ap e/.0) sO TOleM eMac! 0.06 M KCI, 0.006 M 8Me, 


2? 
30 mCi [FH] poly-U and portions of each fraction. After incubation 
for 20 min, 150 ul aliquots were spotted on paper discs, and these 
were subjected to cold TCA washing as described previously (68). 
In short, the discs were soaked in cold 10% TCA for 40 min, followed 
by 4 successive 15-min washes with cold 5% TCA. They were then 
washed with ether-ethanol (1:1) (15 min at room temperature), followed 
by a final 10-min wash with ether at room temperature. After being 
dried, the discs were put in toluene scintillation fluid and radio- 
activity retained on each filter was measured in a Beckman Liquid 
Scintillation system LS-200B. 

The fractions which contained transferase but not RNase 
activity were pooled and concentrated by adsorption to a smal] 
quantity of DEAE-cellulose followed by elution with buf fer-HSB 


(0.1 M Tris-HCl (pH 7.8), 10 mM MgCl., 6 mM BME, and 500 mM KCl). 


2? 
The condensed enzyme (DC fraction) was stored at -20°C. In later 
preparations, the condensation was done by dialysis against 50% 
glycerol in buffer-A. 

At the final stage (DC fraction), the extent of purification 


was approximately 200-fold (from about 50 c.p.m./min/ug protein for 


the $120 fraction to 10,000 c.p.m./min/ug for the DC fraction). While 
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this was not a completely homogeneous preparation, it contained no 
detectable aminoacyl-tRNA synthetase, RNase, DNase, DNA-dependent 
RNA polymerase, M factor (69), polynucleotide phosphorylase, or 
phosphatase activity. Thus the major possible enzymic contaminants 
which have affinity for nucleic acids were not present. 

As well, it should be noted that rechromatogranhy of DC 
fraction on DEAE-sephadex (Pharmacia) and phosphocellulose (Carl 
Schleicher and Schuell Co.) resulted in no change in specific activity. 
Thus it was concluded that some means other than ion-exchange 
chromatography would be required to carry the enzyme purification 
further. This has in fact been accomplished by Miller and Philipps 


(43), using hydroxylapatite chromatography. 


CMP_and AMP Incorporation 

The reaction mixture contained in 0.5 ml: 0.1 M Tris-HCl or 
0.05 M glycine-NaOH (pH 9), 10 mM MgCl. 1 mM BME, 50 ug tRNA-pXpC, 
tRNA-pXpCpC or s.v.tRNA, 5 ug RNase-free transferase, and 4.5 uCi 
(FH]ATP Cricbipeeiheareact | onstookiolace atu37.C tor lizcor 40 min. 
At intervals, 0.1] ml aliquots were withdrawn and placed on filter 
discs which had been impregnated with 0.1 ml of 2.5 mM CTP or ATP 
to prevent non-specific adsorption of [FHJATP or CTP to the discs. 
These discs were then subjected to cold trichloroacetic acid (TCA) 
washing as described above. Initial rates were calculated from the 


linear part of the progress curves. 
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Binding Experiments 


Binding studies were performed with radioactively labelled 
RNA's. Incubation mixtures contained in 0.2 ml: 20 mM potassium 
phosphate buffer (pH 5.6), 5 mM BME, 2 ug bovine serum albumin (BSA), 
12 ug transferase, and various amounts of radioactive RNA. After 5 min 
incubation in the cold, samples were diluted 10 times with a buffer 
containing 20 mM potassium phosphate (pH 5.6) and 5 mM BME, and 
filtered by suction through membrane filter discs (Millipore, either 
HAWG or DAWP) (70). The discs were washed first with 2 ml of cold 
10 ug/ml BSA in the buffer and then with 10 ml of cold buffer. After 
drying, the radioactivity retained on each filter was counted in 
toluene scintillation fluid. Control samples contained no enzyme. 
The difference in radioactivity between experimental and control sets 
represented the amount of labelled RNA bound to the enzyme. It 
should be pointed out that Millipore filters had to be selected 
according to the criteria of (a) high adsorption of enzyme, and 
(b) little or no adsorption of RNA in the absence of enzyme. Very 


few filter lots were satisfactory on this basis. 


Thermal Inactivation 


Thermal inactivation of transferase was studied at pH 5.6 and 
9.0 and at three temperatures: 50°, 55°, and 60°C. A 6 ug sample 
of RNase-free enzyme in 50 yl of buffer (either 20 mM potassium 
phosphate (pH 5.6)--5 mM SME, or 100 mM Tris-HCl] (pH 9.0)--10 mM 


MgC1,--1 mM BME) was incubated at the desired temperature. To 


2 
test for protection of the enzyme from thermal inactivation, various 
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amounts of polynucleates were added to the pre-incubation mixture. 
After pre-incubation, the standard CMP-incorporating experiment, as 


described above, was performed to determine the activity remaining. 


Inhibition Studies with Dyes 


The incorporation reaction was carried out as outlined above, 
except that various amounts of inhibitor (polycyclic or triphenyl- 
methane dye) were added to the mixture. Initial rates were determined 
from the progress curves of the reactions in the presence of varying 
levels of dye. The enzyme activity at each inhibitor concentration 


was expressed as a per cent of the activity in the absence of dye. 


Pre-incubation Study 


Pre-incubation of dye with the various reaction components 
(s.v.tRNA, enzyme, and a mixture of both) was carried out on ice. 
Since the enzyme is very heat labile in the absence of tRNA (as 
described in the Introduction, Chapter, 1), the pre-incubation could 
not be carried out at 37°C.= After incubation on ice for 5 min, 


enzymic activity was measured as usual. 


Sephadex 625 Chromatography of an Acridine-tRNA Complex 


Sephadex (25 (Pharmacia) was pre-equilibrated with 50 mM 
glycine-NaOH (pH 9)--5 mM MgC 1-1 mM BME. The load solution 
consisted of one ml of 3.1 mg/ml s.v.tRNA and appropriate amounts of 
acridine orange (AO) in the same buffer. Elution was with the pH 9 
buffer, at a flow rate of one ml per min. tRNA concentration in the 


eluate was determined by the orcinol method (71). The amount of 
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acridine orange in each fraction could not be directly determined by 
absorbance measurement because the presence of tRNA in the solution 
changed the absorbance spectrum of the dye. A portion of each 
fraction was thus subjected to alkaline hydrolysis (0.3 M NaOH) at 
37°C overnight. This resulted in complete degradation of tRNA and 
restoration of the characteristic visible spectrum of acridine orange. 
Use of a standard AO solution thus permitted quantitation of the 


amount of AO in each fraction Or AO = 493 nm). 


Spectrofluorometric Study of AQ-RNA Complexes 


All polynucleotides used were precipitated as their potassium 


salts by the methanol precipitation method, and dried in vacuo. A 
solution of each RNA was adjusted to 10 mg dry weight of this salt 
per ml of distilled-deionized water. The molar concentration of 
nucleoside monophosphates was calculated accordingly. The average 
molecular weight of nucleotide as the potassium salt was assumed to 
be 380. Thus, the concentration of nucleotide in the tRNA solution 
was estimated as 2.63 x eee molar. 

Acridine orange was purified as follows: the dye was 
dissolved in 0.0] N HCI and orecipitated by adding an equal volume of 
0.1 N NaOH. The precipitate was collected by centrifugation and 
dissolved in chloroform. The dye was then extracted from the 
chloroform solution with 0.1 N HC]. After one repetition of the 
above procedure, AO was crystallized from the chloroform solution 
and dissolved in a minimum volume of 0.1 N HC]. The dye solution 
was brought to 10 mM, by dilution with water, and its concentration 
determined by optical methods, assuming that the extinction 


coefficient of AO at infinite dilution is 56,900 at 492 nm (72). 
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The solutions to be analyzed were prepared so as to avoid 
formation of an insoluble complex between AO and RNA. First, 9.25 ml 
of Tris-HCl (1 M, pH 8) and 4 ml of distilled water were mixed in a 
10 ml graduated cylinder. A suitable amount of AO was added to the 
buffered solution and mixed thoroughly. RNA was then added slowly 
with vigorous shaking. Finally, by adding distilled water, the 
volume was brought to 5 ml and used for fluorescence measurements. 

Spectrofluorophotometry was performed using a Turner model 
219. In order to assess the molecular interaction between AO and 


various RNA's under conditions resembling those used in the enzymic 


3 ly 


reaction described earlier (10 7 to 10° M AO), it was necessary to 
reduce the sensitivity of the spectrophotometer to a minimum. The 
setting of the equipment was as follows: energy level--10 (instead 
of 30 for normal operation); excitation slit width--100 R: emission 
Src wilactni- 25 R: and sensitivity range--X!. The temperature of 
sample solutions was maintained at 30°C by a circulated thermo- 
regulator (Haake model FS). The AO-RNA mixture was excited by light 
at 300 nm, instead of light with wavelength in the visible range. 
The reason for this unusual choice of excitation procedure was as 
follows: the apparent quantum yield of AO can be reduced by use of 
this wavelength, and both the excitation and emission spectra of AO 
in the visible range shift drastically after complexing with RNA, 
while the excitation spectrum at 300 nm does not. Thus, excitation 
at 300 nm enables one to avoid erratic measurement of fluorescence 
yield in a wide range of AO concentrations. When the concentration 
of AO was too low to be measured, the sensitivity of the spectrophoto- 


meter was increased by changing the sensitivity setting, leaving 


other settings unaltered. 
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CHAPTER 3 


CHARACTERIZATION OF THE E. COLI TRANSFERASE SYSTEM 


Introduction 


It has been known for some time that tRNA 3'-terminal nucleo- 
tidyl transferase catalyzes two reactions: pyrophosphorolysis of the 
two 3'-terminal nucleotides in tRNA, and transfer of AMP and CMP to 
tRNA lacking the terminal residues (29,30). More extensive studies 
with purified transferase and purified tRNA have revealed the absolute 


stoichiometry of the transfer reaction: 


Mate 
tRNA-pX + 2CTP + ATP tire ny tRNA-pXpCpCpA + 3PP. (32), 


where X stands for the fourth nucleotide from the 3'-terminus of intact 
tRNA. The enzyme has been highly purified from various sources, and its 
enzymic activity shows specificity towards tRNA (32,35,41,60,73). The 
biological function of the enzyme appears to be the regeneration of an 
intact 3'-terminus of tRNA for amino acid acceptance (30). 

Recent advances in the analysis of the base sequences of 
macromolecular RNA's have shown that several of these species possess 
the 3'-terminal sequence, -pCpCpA-OH (74-77). This is identical to the 
analogous sequence in tRNA. Yet attempts to cause these RNA's to 
undergo the transferase reaction have failed (78). A notable exception 
is turnip yellow mosaic virus RNA, where a valine-specific tRNA-like 
structure seems to occur at the 3'-terminus (42). In addition, 
Deutscher has demonstrated a poly-C polymerase activity in his purified 


preparation of transferase from rabbit liver (39). This activity 
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requires as a primer, rRNA, intact tRNA or tRNA lacking the 3'-terminal 
residues. It does not act on Q8-RNA, poly-C, poly-A, or poly-U. 
However, this is one of the anomalous reactions which only occur at 
high enzyme concentrations, or in the presence of hrie instead of Non 
This liver enzyme, as well as the E. coli transferase of Best and 
Novelli (41), shows incorporation of AMP into tRNA-pXpC in the absence 
Glacier. 

lt is known that most tRNA species vary considerably in base 
sequence, except for three regions: the 3'-terminus (-pCpCpA), the 
so-called dihydrouridine loop, and the TWCG loop. The fact that other 
RNA species with the CpCpA-OH-3'-terminus are not normal acceptors of 
CMP or AMP in this enzyme system indicates that the specificity of 
transferase towards tRNA must not be due solely to recognition of the 
acceptor site at the 3'-terminus of tRNA. It must also involve some 
other aspect(s) of tRNA structure. The detailed mechanism of this 
specific recognition has not yet been established, although several 
proposals have been made (43,79,80). 

In order to probe this mechanism, several types of interactions 
of transferase with polynucleotides have been examined. These studies 
include nucleoside monophosphate incorporation, substrate binding, and 
thermal inactivation. The results suggest that the recognition of RNA 
by transferase is achieved by at least a two-step interaction. Non- 
specific binding occurs first and is followed by specific complex 


formation, an event which depends on the specific secondary (and 


tertiary) structure of tRNA. 
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Results 


Kinetics of Nucleoside Monophosphate Transfer 


Effect of solutes on transfer reaction 


During the purification of the enzyme, it was found that a 
buffer containing 500 mM KC] in 0.1 M Tris-HCl] (pH 7.8)--10 mM MgC1_-~ 
6 mM BME conferred considerable stability on the enzyme: the protein 
retained activity over 6 months! storage at -20°C. In view of this 
stabilizing influence of KCI on the enzyme in storage, the effect of 
increasing salt concentration on transfer activity was examined. 

Fig. |] shows the result. It is clear that KC] inhibits the incorporation 
reaction. Therefore, in the standard assay system, no KC] was added to 
the reaction mixtures. However, it should be noted that, in the assay, 
the KCl concentration was 5-10 mM, due to the addition of the enzyme 
solution containing 500 mM KCI. 

Since the transfer reaction involves nucleoside triphosphates, 
the optimal ratio of divalent cations (Mg**) to nucleoside triphosphate 
was determined. Fig. 1 demonstrates the effect of ane concentration 
on the initial rate of the transfer reaction. The system has an 
absolute requirement for Maes but at concentrations higher than 2 mM, 
the initial rate remains essentially constant. Thus, it was decided 


to use 5 or 10 mM MgCl, in the standard assay mixture to ensure that 


) 
the reaction can proceed even if the experimental] design requires 
changes in the amount of nucleoside triphosphate (NTP). It was found 
+2 ’ +2 Fi : 
that Mn ~ could not be substituted for Mg , because the séturation 


concentration of Mn*? at pH 9 is only 0.4 mM, a level probably 


insufficient to neutralize the negative charge on the NTP's. (Excess 
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ae precipitated as manganese hydroxide in the assay mixture). The 
addition of (@ME, which is routinely included in storage buffers, was not 
so essential to the reaction (Fig. 1), but it was included in the 
standard assay to produce a concentration of 1 mM. The pH effect was 


also examined. From Fig. 2, it was found that pH 9--9.25 is optimal. 


Specificity of transferase for the 3'-terminus of tRNA 


lt was essential in this series of experiments to have tRNA 
with an intact 3'-terminus, which would permit preparation of tRNA 
free of the 3'-terminal adenine and cytosine residues. With these 
homogeneous species, it would then be possible to examine some aspects 
of the specificity of transferase activity. A stock of tRNA was found 
to be satisfactory; this tRNA stock accepts only negligible amounts of 
nucleoside monophosphates (Fiq. 3). After removal of the first residue 
by a single cycle of treatment with periodate (see Methods section), 
adenine was released and the tRNA-pXpCpC obtained specifically accepts 
AMP (Fig. 3). The ATP saturation experiments (Fig. 4) show that there 
is one AMP residue incorporated for each tRNA-pXpCpC molecule. The 
results also demonstrate that there is no significant difference 
between one step periodate-amine cleavage and the more lengthy two- 
step process. In the second cycle of treatment, cytosine (and some 
adenine) was released to yield tRNA-pXpC. This form of tRNA accepts 
only CMP (Fig. 3). Thus tRNA-pXpC does not accept AMP nor does tRNA- 
pXpCpC accept CMP. These results show that the starting material 
(tRNA) was intact, and also that the transferase reaction by purified 


enzyme is specific. 
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Figure 2: pH profile of the transferase reaction. A 20 ug sample of B 
fraction enzyme and 157 ug of tRNA-pXpC were incubated at 37°C in the 
CMP-incorporating system, using Tris-HCl] buffers with pH from 7.6 to 
9.6. Initial rates were determined as described in Materials and 


Methods. 
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Figure 3: Specificity of transferase for the 3'-terminus of tRNA. 
Assays were performed as given in Materials and Methods, using 94.5 1g 
tRNA-pXpCpC and 2.94 ug DC fraction enzyme in the AMP-(@) and CMP- 
(QO) incorporating systems: 130 ug tRNA-pXpC and 2.94 ug DC fraction 
transferase in the CMP-(&) and AMP-(4) incorporating systems; and 


159 ug untreated tRNA-pXpCpCpA and 6 ug DC fraction enzyme in the AMP- 


or CMP-incorporating systems (QO). 
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Figure 4: AMP saturation of tRNA-pXpCpC. Assays were performed as 
outlined in Materials and Methods, using 0.66 mumoles of tRNA-pXpCpC 
per 0.09 ml reaction mixture. Total reaction volume was 0.5 ml. The 
amount of incorporation at 60 min in the presence of increasing amounts 
of ATP was monitored. Results are plotted in units of 0.09 ml reaction 
mixture. (©) and (A) are duplicates except that the tRNA-pXpCpC for 
(QO) was prepared by one-step periodate-amine cleavage, as given in 
Materials and Methods, while that for (ZA) was prepared by a two-step 
procedure involving first periodate oxidation, then isolation of the 


RNA by precipitation, after which amine cleavage is done. 


@ : 4 


Sater a ea 


g 6 3 
YH / GSLVYOdYOONI diiY Sa7OWTu 


AO PON GO Lp el GS 
miULMOLES ATP ADDED 


lO 


- * i. ' q a _ 


: 7 “1 TT, _— > 
. 7 TY os 
hae AN anes nih ee 


ae\ _) Iwrge " : a : . Wi 


ee) ee (4a ih mee oremNee wy | 
satin \gep’ lcy Cpe eee tgiene editietion, then teetarhd a : 
it ermeupey a tae, Oiler alee apie, ategrage Ms dene, es ee a 


. f Sis 
- 7 a | oS 7 P 2 , 7 _ _— 7 


an/ 


Since the periodate treatment of tRNA is time-consuming, 
Snake venom phosphodiesterase treated tRNA was prepared as described in 
the Methods section. When prepared as specified, snake venom phospho- 
diesterase treated tRNA (s.v.tRNA) accepted only CMP, not AMP. This 
fact suggests that s.v.tRNA can be used for general assays. 

There was no detectable transfer of CMP or AMP to other types 
of RNA's, including R17 RNA-pC, poly-A, poly-C, and poly-AC. This 
type of specificity has been demonstrated for the rat liver enzyme by 
the study of AMP acceptance and of pyrophosphate exchange (28). The 
present result confirms this finding. However, it was found that 
these other polynucleotides could inhibit the reaction of transferase 
with tRNA. Fig. 5 shows some inhibition profiles. For R17 RNA-pC, 50% 
inhibition occurs at 54 wg (when its concentration equals that of 
tRNA-pXpC on a weight, rather than a molar basis). The molecular weight 
of R17 RNA is about 10° daltons, “tRNA about 25,000 daltons. R17 RNA- 
pCpCpA was even more effective in inhibiting this reaction. Poly-A and 


poly-U on the other hand, are much less efficient inhibitors. 


Requirement for the secondary structure of tRNA 


The above experiments did not show whether the incorporation 
of nucleoside monophosphates, observed as radioactivity detected in 
the cold acid precipitates, is due solely to the acceptor activity of the 
tRNA molecule. In order to test this, the following experiment was 
performed. One ml of a 10 ma/ml solution of s.v.tRNA was dialyzed 
against deionized water for 12 hr. This treatment did not effect 
acceptor activity of s.v.tRNA and 88% of the Aygo units were recoverable 


as a CTA precipitate. Heating this dialyzed tRNA at 95°C for 10 min 


ni bad Pr>emb i ohne vi bets 
-origezada monav sAeae bat ong a : . 
2inT 4A Yon (949 ylnio batqesos A 
.2yee26 f[ensnep to? bseu ad kalibadiote eds etespque 2987 
aeavt ved7o 0% IMA 40 9MD Yo vs?ene19 said thas ew sroT 

e147 .2Arviog bas ,I-ylog «Acyiog -29-AWA TTR gett on) 2" AMA Yo: 7 

vd amyzns vevil sen aia yo? heanatanti road earl ant stttoaae Fe 

aiT . (8S) spneroxs osedqroaorye % ong sone3a0396 AMA Yo yous 
int? bruot 2ew + evenalt: epribnit einy” inten thuzer 
92619%2n67) To nolsose offi dididni bhuos cab 1981 uny!oa rose. 


£0? , De-A¥A VIA 104 est love: noizididnl omoe eworte 2 i: rn 


to tert elsupe nolisiinssnos e271 nsnw) py #2 te #10990 Mm rots ; 
itplew yeluosetom of? .(alead velom.s ned wdisy ,ddetew a 

“AWA TIA. enorleb 000,25 Juade AAR? yenge he any tiods ci an 
bre AryioS ,moisonsy eit eataidiiint vi aviiastte som nove enw 
-21odidirini insiottie zeal au 976 ,basd yeAso she ie of oq 


nolisxog ies) arta vadhrariy wore Jon bib etnemiteqxs svods srl 
ni bstonszab ytividosolbss #6 .bawrdedo yee Terqeoriganam ab 


srt 40 yalviase Lea AB. wie blos oda 
2ew areas? 9 ho) hg a .sluostom AWAY 
bosyietb “a A oy e perv Yo Im ond .bamotrsq 


souTis: tom bib miadarvel 1 ST ‘aim Jetew besinoisb senises 
sidevavones Sraw Sd 1b 94 eh Bey “to 888 dns hi to yiivisos 70399998 
aim Of 69 2°88 36 AURD bes nib 21H palzent Stetigioarg AT) 6 26 


> 
= 
= 
i 
O 
<I 
oS 
lOO 200 
ptGRAMS POLYNUCLEATE 
Figure 5: Inhibition of the transferase reaction with tRNA-pXpC by R17 


RNA-pC, R17 RNA-pCpCpA, poly-U and poly-A. DC fraction transferase was 
dialyzed overnight against 0.1 M Tris-HCl] (pH 9)--10 mM MgC1,--1 mM BME 
in order to remove KCI] (see text). A 55 ug sample of tRNA-pXpC and 
varying amounts of R17 RNA~pC (©), R17 RNA-pCpCpA (@), poly-A (QO), 
or poly-U (AA) were then incubated in the standard system for incor~ 
porating CMP into tRNA-pXpC. Per cent activity was determined from 


initial rates. The 100% level in this experiment was 10,000 c.p.m./ 


min/unit dialyzed enzyme (approximately 1 ug). 
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resulted in loss of acceptor activity (Fig. 6) although 89% of the 
A560 units were recoverable as a (TA precipitate. A control 
experiment showed that the treatment caused no loss of radioactivity 
via tritium exchange. Hence, it can be concluded that the acceptor 
molecule was non-dialyzable and that the secondary structure of this 
molecule is of considerable importance in the transferase reaction 
(a similar result was obtained by Lindahl et al (56) for AMP 


incorporation into renaturable leucy1-tRNA). 


Interaction of Transferase with RNA's 


In order to obtain some insight into the mechanism of the 
specific reaction of transferase, the initial stage of the overal] 
reaction, which is the interaction of the enzyme with RNA, was studied 


using a membrane filtration method, as described in the Methods section. 


Enzyme retention on Millipore filters 


In order to assess transferase retention on the filters, 
enzyme was dissolved in several different buffers, filtered, and 
washed with the corresponding buffer. The filtrate and wash solutions 
were pooled and assayed for transferase activity. Also, each filter 
disc was cut into pieces and assayed. It was found that the 
concentrations of KCl, MgCl. and BME have no effect on enzyme retention, 
while increasing pH reduces retention. At pH 5.6, all detectable 
activity was retained on the filter, but at pH 6.4, retention decreased 
to 1/]0th. At pH 7.5 or higher, the filter retained essentially no 
activity. Potassium phosphate buffer concentration also appeared to 
be important, in that at concentrations below 15 mM, there was loss of 


enzyme from the filters. In accord with these findings, the binding 
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Figure 6: CMP acceptance of denatured s.v.tRNA. s.v.tRNA was 

dialyzed 24 hr against deionized, distilled water. An aliquot of this 
was heated in a boiling water bath (95°C) for 10 min and quick cooled on 
ice. Incorporation of CMP into each tRNA species was then determined: 
166 wg native s.v.tRNA (O), 69 ug dialyzed s.v.tRNA (4), 69 ug 


dialyzed and heated s.v.tRNA (Q). 
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study using Millipore filters was performed at pH 5.6 (20 mM potassium 
phosphate buffer). 

It was essential to use RNase-free transferase (DC fraction) 
throughout the following studies under the conditions defined above. 
Contamination by ribonuclease would result in anomalous results for 


14 


the binding of tritiated or [ C]-labelled RNA to enzyme, caused by 


hydrolysis and loss of radioactivity. 


Solute concentration effects on complex formation 


Fig. 7 shows the effect of hegea on binding of [FH] CMP-tRNA 
and ecle ten RNA to transferase. The results demonstrate that at 
low MgCl, concentrations, both RNA species can bind to the enzyme, and 
binding falls off in a similar manner with increasing Reps Since 
Maes concentration has no effect on enzyme retention, the conclusion 
seems valid. 

Fig. 7 also shows the effect of KC] concentration on the 
binding of [felea Ri RNA and of [PHICMP-tRNA to the enzyme. It is 
again observed that increasing concentration of KC] inhibits complex 
formation. 

Fig. 7 also demonstrates the effect of potassium phosphate 
concentration on the complex formation. Since enzyme retention is 
reduced by low phosphate concentration, the early part of the curve is 
not likely significant with regard to binding. Optimal binding occurs, 
in both cases, at about 20 mM potassium phosphate. 


Binding of both RNA species was unaffected by changes in 8Me 


concentration over the range from zero to 10 mM. 
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The above three experiments clearly demonstrate the presence 
of complex formation between enzyme and tRNA and R17 RNA, under 
appropriate conditions: 20 mM potassium phosphate (pH 5.6)--5 mM 


BME in the absence of MgCl. and KCl, in the cold. 
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Stoichiometry of binding 


Figure 8 shows the saturation profiles for binding of RNA to a 
fixed amount of the enzyme (6 ug). tRNA and R17 RNA show identical 
saturation profiles with saturation being reached when about 5 ug of 
either type of RNA are added. Thus, saturation levels of the two 
systems compare on a weight basis, but not on a molar basis (R17 RNA 
is about 40 times as large as tRNA). This fact suggests that complex 
formation under the conditions described above is due to non-specific 
RNA base-protein interaction. If it were due to interaction with a 
specific site of RNA, saturation levels of the two RNA species should 
show molar equivalence. 

The above speculation can perhaps be substantiated by 
studying complex formation between the enzyme and heat denatured tRNA, 
a species which has impaired acceptor activity in the transferase 
reaction (Fig. 6). The denatured [FH] CMP-tRNA was examined for 
binding capacity. From Table 1, it is clear, however, that 
denaturation of tRNA reduces (but does not abolish) binding capacity. 
The reduction factor in transfer activity is 3, while in binding 
activity it is 2.4. Thus, it is apparent that configurational change 
in the tRNA molecule alters both transfer and binding activity. 


In order to obtain more insight into the nature of binding 


under the present experimental conditions, binding of synthetic 
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Figure 8: Binding of tRNA and R17 RNA to transferase. Binding 
experiments were performed as described in the text. A 6 ug sample 
of transferase was incubated with varying amounts of [2H] CMP-tRNA 
(Oi) sor fl deleaveRt7 RNA (A), and the complex was obtained on 
Millipore filters. Radioactivity retained on the filters was 


converted to micrograms bound RNA. 
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TABLE 1. Binding of Denatured [FH]s.v. tRNA Lo Transterase 


SO A 


Input Retained on filters 
i 

s.v. tRNA- [°H]CMP ug Crpsin, cepa: retained 
Native 19 76,000 2687 3.54 
Dialyzed iz 59,000 AWAD) IY 


Dialyzed and heated 12 59,000 905 (Pow 
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polynucleates was examined. The molecular weights of these synthetic 
RNA's varied somewhat, but averaged approximately 200,000 daltons. It 
is very clear from Table 2 that all synthetic polynucleates tested can 
bind to the transferase. In this table, a very rough measure of 
relative association tendency is given. The assumption is that an 


equilibrium exists as: 
Xe een 2 ye es 


where X is polynucleotide phosphorus, and Z the enzyme-polynucleotide 
complex, whose exact nature is unspecified. The association tendency 


can then be expressed as: 


7 aes l 
X Enzyme 
At constant enzyme concentration, a relative association tendency can 


be written as: 


_c.p.m. bound 


“i 
elaine Xara c.p.m. unbound 


In Table 2, ¢ is given for 10 ug protein. The DC fraction, which is 
RNase-free, binds more of each polynucleate than does the less pure B 
fraction. There is particular enhancement of the poly-U-specific 
binding. 

The degree of base stacking seems to have bearing on the 
extent of binding. !t is known from study of the interaction of 
heterocycles that purines self-associate by stacking to a greater 
extent than do pyrimidines (81). The table shows that purine polymers 
(poly-A and poly-G) are less able to bind to the more purified enzyne 


than are the pyrimidine polymers (poly-U and poly-C). Thus, greater 
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TABLE 2. Binding of Synthetic Polynucleotides to Transferase 


e/10 ug Protein 


Fraction B Fraction DC 

Synthetic polynucleotide enzyme enzyme 

34 poly-U 131 EPS 

34 poly-C 15.4 16.9 

34 poly-G 9.36 lz’. 3 

34 poly-A 6.40 9.95 

BH epolycAU 18.1 iBo3 

3 


H poly-CU 19.8 25.9 
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Stacking appears to correlate with less binding capacity. This may 
explain the effect of heat denaturation of tRNA on binding: heating 
and quick-cooling destroys the ordered secondary hydrogen-bonded 
structure of tRNA, and may result ina greater amount of stackina-type 


interaction. This would then reduce the binding capacity of the tRNA. 


Competition between RNA's for binding 


If R17 RNA and tRNA are binding to the same enzyme then they 
should compete for the common binding site(s). From Fig. 9, it is 
clear that both RNA species can be dissociated from a complex with the 
enzyme by the other species. The amount of unlabelled RNA needed to 
reduce the amount of bound labelled RNA to 50% of the control is 
designated the C-50 point. The C-50 point for competition with labelled 
tRNA is obtained at a 0.16 molar excess of R17 RNA (25.1 uumoles of 
tRNA compete with 4.1 wumoles R17 RNA), but at a microgram excess of 
6.4. On the other hand, the same values for competition with labelled 
R17 RNA are 396 molar excess, but only 9.9 ug excess of tRNA. The C-50 
values on a weight basis (6.4 and 9.9) are much closer than the values 
on a molar basis. This observation agrees wel] with the finding that 
similar weight quantities of each RNA can bind to the enzyme (see 


Pique). 


Thermal inactivation of transferase 


It is now obvious that transferase can interact with at least 
all the RNA types tested, under the conditions employed. In order to 
further understand this interaction, the thermal inactivation profiles 


in the presence and absence of RNA were examined. It was important to 
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discover whether the inactivation profiles were affected by pH since 
the binding study was done at pH 5.6 and the incorporation study at 
pH 9.0. Differences in enzymic behaviour at the two pH values could 
cause misinterpretation of the results in the binding study. The 
question then is whether the specific transfer reaction with tRNA jis 
accompanied by some conformational change in the enzyme, to result 
in stabilization of the complex, or whether the reaction occurs so that 
the frequency of transfer is proportional to the frequency of binding 
of 3'-termini and enzyme (i.e., the longer the RNA chain, the lower 
the frequency). Thermal inactivation studies may indirectly distinguish 
these alternatives. 

Fig. 10 shows the thermoinactivation of transferase at three 
temperatures. It becomes clear from this figure that the enzyme can 
be protected at 50°C, in the presence of tRNA, but not in the presence 
of R17 RNA. Without added RNA, or in the presence of R17 RNA, enzyme 
inactivation occurs quite readily at this temperature. At 55°C, there 
is partial protection of the enzyme by tRNA, and at 60°C, inactivation 
occurs regardless of the presence or absence of added RNA. An 


important fact found in this thermal] test is that at each temperature, 


pre-incubation pH does not significantly alter the inactivation profiles. 


This fact lends support to the validity of the earlier binding study in 
determining the affinity of enzyme towards RNA's. 

Since synthetic polynucleotides, such as poly-A and poly-U 
can bind to transferase and can inhibit the transferase reaction with 
tRNA, the effect of these polynucleates on thermal stability of enzyme 
was examined. Neither protects the enzyme against heat inactivatior, 


as seen in Fig. I]. Thus they behave similarly to R17 RNA in this 
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Figure 10: Thermal inactivation of transferase in the presence of 
tRNA and R17 RNA. Heat inactivation studies were done as described 
in Materials and Methods. Enzyme was dialyzed overnight against the 
appropriate buffer. In the control experiments (1), 6 ug of DC 
fact lon Was incubated at pHeo som Ay be) G)mOrnon oe (NU Bae wae: 
BO7CMAA, Al) 55° GB Y Bet ofeO0;0e(Ge Ca eSanplesmconralnnnitd 

133 ug s.v.tRNA (AA), and samples containing 125 ug s.v.RI7 RNA (O) 
were treated in the same way. Initial rate of CMP incorporation 
into s.v.tRNA at 37°C by the enzyme mixtures pre-incubated at the 
temperatures given was then determined. Results are plotted as per 
cent activity versus pre-incubation time at the high temperature. 
(lt should be noted that the presence of R17 RNA in the reaction 


vessel invariably caused a reduction in the 100% value for that set). 
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Figure 1]: Thermal inactivation of transferase in the presence of 
poly-A and poly-U. Heat inactivation was performed as outlined in 
Figenlurat. pH oo “tay and pH 9 (B)y -at 955-0. Control without 
polynucleotide (Q) contained about 15 ug DC fraction. Controls and 
samples containing 50 ug poly-U (A) or 50 ug poly-A (QO) were 
subjected to identical incubations at 55°C for various lengths of 
time and then enzyme activity assayed at 37°C using 50 ug tRNA~pXpC 
and CTP. Extent of reaction at 12 min is plotted as per cent 


activity versus pre-incubation time at 55°C. 
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system. (During the course of this work, Miller and Philipps (43) 
reported thermal inactivation studies, in which they observed 
Protection by tRNA but no effect by synthetic polynucleotides or rRNA 
or 5S RNA). It is now clear that there is thermostable specific 
complex formation between transferase and tRNA prior to the transfer 


reaction. 
Discussion 


As was pointed out in Chapter 1, some E. coli transferase 


preparations do cause such misincorporation reactions as: 
tRNA-pXpC + ATP ———> tRNA~-pXpCpA Rae) 


while others do not (43). In each of the references quoted above, 
enzyme preparations were highly purified, but not completely 
homogeneous. The type of specificity demonstrated in this thesis 
agrees with the results of Miller and Philipps (43): transfer RNA 
which lacks a terminal AMP (tRNA-pXpCpC) accepts only AMP, while tRNA 
lacking both a terminal AMP and CMP (tRNA-pXpC) accepts only CMP. 
s.V.tRNA prepared in the standard manner, as given in Materials and 
Methods, cannot accept multiple CMP residues (the CTP saturation 
experiment shows that 78.5% of the tRNA molecules accept one nucleo- 
tide). Untreated tRNA is not an acceptor of either AMP or CMP. The 
differences between these results and those of Best and Novelli (41) 
may be due to (a) lack of complete homogeneity in either preparation, 
so that misincorporation may be the result of a non-transferase 
enzyme; or (b) the possible presence of mult {ple transferase species: 
the two laboratories may have isolated different species of trans- 


ferase which differ with respect to misincorporation. The actual cause 
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for the above discrepancy is not resolvable at present. However, it 
must be emphasized again that the present E. coli transferase does 
display absolute specificity. Thus this enzyme must possess ways of 
distinguishing tRNA-pXpC and tRNA-pXpCpC and of distinguishing ATP 
and CTP, under the conditions employed. 

lt has already been determined that there are separate 
enzymatic sites for ATP and CTP (34,35). The question thus arises 
as to the nature of the site or sites involving transfer RNA. The 
site(s) can distinguish different 3'-terminal sequences, as is 
demonstrated by the specificity discussed above. It is apparent, 
however, that the enzyme is not responsive only to the sequence of 
mononucleotides at the 3'-teminus of RNA. Denaturation of tRNA by 
dialysis and heat results in a 67% loss of incorporating activity. In 
addition, neither R17 RNA-pC (with a 3'-terminus similar to tRNA) nor 
poly-C show incorporation of CMP. These facts imply that there is a 
recognition site or sites other than the 3'-terminus of tRNA. 
Incorporation of mononucleotides into non-tRNA substrates has been 
observed in mammalian systems (38,39). However, these reactions 
occur in the presence of Mn instead of Ho or at high enzyme 
concentrations. Under normal conditions, only tRNA is the nucleic 
acid substrate. 

Binding experiments were undertaken to help explain some of 
the questions about the recognition mechanism. A study of the 
binding of transferase to yeast tRNA, MS2 RNA, and rRNA has been done 
by Honda (59), using a sucrose gradient centrifugation method to 


detect complex formation. It was felt that a gentler means of 


assaying binding should be used because it was possible that the complexes 


57 


16 2yew winaion 9 “omy | 4 
ook aan co Seem bom 

| bevor gna anata tings Hd Fabre, 

sis7ege: 976 sied? edt bentnvexseb nsed-ybse1te zed oe ae 
zaeiye sult noltesup sat (28, #8) ST) one ITA wo? agile ee 


onT .AWA ietznsy2 pelvioval zetle yo site add to siuten add of 26 


2] #8 ,eeosneupee lenimies~<"€ ynsvettlb defugniz2ib nes (e)arte 
,tnersqga 2i 21 .svods bseruselb ¢s Toth see ots vd basersenamsb 

Yo gonsupoe edd od ylno svienoqes’ son 2] smysns sit serlt svewod 

yd AUAZ Yo nol yexUtened AMA Yo sunimes~'t ony Fe 296i toe! sunonom 

ml .¥2ividon! en ser0gOoNT To seol HVA & nt esluess desc bane eleytsib 
von (AAI Oz VeLimie auntaxsd="€ 6 A3iw) Qq-AWA TIA Veda lan nol diBbe 


6 ef aveds veda ylonl 2¢s8% le sat 989 Yo nolseroqiosn! wode I-yloq 


“AAs Yo aunioey-"E dy Hed reed 29212 10 9312 notyinposes 

need 26 este sedue AWAS-aon otal aébi doplsuncaem Yo nol sa10qr0ant 
enoiaasey weedy .1eveWoH . (@€,8E) emédeye nat lemme al bevieddo 
omysne Held te vo “ten Yo beard “*WH Ye sonszerg ey AT Wsdo’ 
sistaun add et AMA vino , anal aibnes Tamron vehi! . eno tysdsieoros 


Yo amor nieiqxs gfed od neterisbnu saw etnemiiegxs edibaig 9! 
ard Yo ybuse A .meinadoem aolsiqpenss S17 slidde enolseeup era 
anob nasd tod Ay one ANH S2H JANMY z2eey oF seeretensis Toi gntbAld 
03 berltom notseyy9iazn89 inoibere exotave 6 enteu (ea) sbnol yd 
‘Ye znasm Votanag s 2602 Ste¥ zai 91 JnolYeniod xotgios Jobieb 


saxsiqnos si) sud afdideog tow 71 seueasd bedi ad Gtuctie gaibhtd gatyslde 


74 Grew Ao SS Cyn Hs an.® trea te. Ge att ete 


— ’ ; 7 - 2 an 


me 


58 


can be disrupted under these conditions (69). Therefore, the 
interaction of various types of RNA with the transferase was studied 
using a milder Millipore filtration method. 

Denaturation of tRNA by dialysis and heating affects the 
binding activity in the same way as it affects incorporation activity: 
native and dialyzed tRNA bind identically, while heated dialyzed tRNA 
shows a 57% loss of binding activity. Thus, it seems that denaturation 
is sufficient to result in considerable loss of binding ability, 
leading to loss of incorporating activity. 

The foregoing indicates one effect of RNA structure on the 
association of transferase and RNA. The binding of synthetic RNA's 
may throw further light on this problem. As seen in Table 2, 
purified transferase has different affinities for different synthetic 
polynucleates: poly-U>poly-C>poly-G>poly-A. Poly-AU binds with an 
affinity which is greater than that of poly-A but less than poly-U, 
and poly-CU binds better than poly-C but not so well as poly-U. 

It has been established that self-association of hetero- 
cyclic compounds in aqueous solution is predominantly due to base 
stacking, which in turn is dependent on the degree of t-electron 
conjugation (81). Cursory examination of the structures of the 
nucleosides (A, U, G, and C) shows that the order of size of m-electron 
systems is UsC<G<A. This is the reverse of the order obtained for the 
binding capacities of the polynucleotides. These results are strongly 
suggestive that binding capacity is inversely related to extent of 
base stacking. It seems possible that a freely rotating state of RNA 
(which is hindered by base stacking) is essential to non-specific 


interaction with protein (82). This is consistent with the fact that 
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denatured tRNA, which is expected to have more base stacking than 
native tRNA, has less binding capacity. 

The studies by Honda gave different results from those 
presented here, in that he observed no binding to MS2 RNA or rRNA, 
while binding to R17 RNA and to synthetic polynucleotides has been 
observed in this lab. This difference may be the result of the fact 
that the centrifugation method may be too harsh, especially for 
complexes with high molecular weight RNA. In passing, it should be 
noted that Morris and Herbert were unable to demonstrate binding of 
their yeast enzyme to poly-U or poly-C, using a Millipore method (60). 
Unfortunately, their Millipore method differed significantly from the 
One reported here. Binding experiments were done at pH 6.5, while in 
the present study, pH was 5.6. The study presented in this chapter, 
indicated that the E. coli enzyme is not retained well on Millipore 
filters at pH 6.5. It is hard to judge what effect this would have. 


One conclusion may be that the yeast and E. coli enzymes are different 


enough to account for the lack of agreement between the two laboratories. 


The present studies have demonstrated that both tRNA and R17 
RNA can bind to transferase. Competition experiments show that one 
RNA species can inhibit complex formation between the enzyme and the 
other polynucleate. The fact that the C-50 values compare on a weight 
basis and the fact that the saturation profiles of tRNA and R17 RNA 
binding with enzyme are identical on a weight basis suggest that the 
binding is the result of non-specific nucleotide-protein interaction, 
rather than a specific nucleic acid-protein interaction. At this 
point, it may be useful to comment that although Morris and Herbert 


cannot demonstrate binding of poly-U or poly-C to yeast transferase, 
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they find that these homopolymers are able to inhibit the binding of 
transfer RNA (60). This suggests that there is some artefactual 
reason for their lacking of binding. 

A test of the validity of the binding study is to determine 
whether the non-accepting RNA species affect the transfer reaction 
with tRNA. If the non-accepting species bind to the enzyme, and if 
this binding is at or close to the catalytic site, then they may 
inhibit the transfer reaction with tRNA. In fact, although R17 RNA 
and the synthetic polynucleates tested could not accept nucleoside 
monophosphates in the transfer reaction, they were able to inhibit the 
incorporation of CMP into tRNA-pXpC. It should be noted at this 
point that the effectiveness of inhibition varied considerably depending 
on the conditions of the experiment. In the presence of high KC] 
concentrations, such as that used to stabilize the enzyme solution 
(HSB), inhibition of the transfer reaction by non-accepting nucleic 
acids is abolfshed. Miller and Philipps observed no inhibition of the 
transfer reaction by synthetic polynucleotides in their E. coli 
system (43). They used 2.5 mg/ml bovine serum albumin in their enzyme 
solution as a stabilizer and do not mention removing this prior to any 
of their studies. This may be the reason for their negative result. 

Differences in the extent of inhibition by the several RNA's 
tested are noteworthy. The natural RNA inhibits much more efficiently 
than the synthetic polynucleates. Poly-A (and poly-C) inhibit 
slightly more effectively than poly-U. If the inhibition were due 
solely to the non-specific type of interaction found in the binding 
studies, then poly-U should be a more potent inhibitor than poly-A and 


poly-C. Likewise, there should be little differences between the 
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inhibition of untreated R17 RNA and that of R17 RNA-pXpC. Yet, there is 
a consistent, marked difference: R17 RNA inhibits at a lower 
concentration than R17 RNA-pXpC. The explanation may lie in the 
possibility of closer association of the 3'-terminus of the natural 
polynucleate with the transfer site on the enzyme. It is known that 
there are separate sites on the enzyme for the binding of the substrates 
ATP and CTP. Poly-A and poly-C may be capable of interaction at these 
sites. This would have the effect of increasing their efficiency as 
inhibitors. Similarly, R17 RNA with an intact 3'-terminus may be 
capable of interaction at these sites because of the presence of the 
terminal -pCpCpA. 

The non-accepting RNA's, then, do complex with transferase 
and, to varying extents, inhibit its reaction with tRNA-pXpC. It is 
useful to consider whether tRNA, R17 RNA, and/or the synthetic poly- 
nucleates differ with respect to heat inactivation of the enzyme. This 
would determine whether these RNA's, which behave similarly in initial 
binding, are able to proceed beyond that stage in the process of the 
reaction. The thermal inactivation studies reveal that, as expected, 
tRNA protects the enzyme from thermal inactivation at 50°C. This 
protection is less efficient at 55°C and fails entirely at 60°C. 
Presumably the kinetic energy of the complex is too great at 60°C to 
maintain the complex structure. Transfer RNA departs from the complex, 
leaving the enzyme ''naked'' so that it undergoes thermal inactivation 
at the same rate as the control] with no RNA present. Under conditions 
in which tRNA protects the enzyme from heat inactivation, no RNA's of 
other types protect transferase. Thus it is clear that tRNA 


complexes with transferase in a manner different from the other 
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polynucleates, possibly resulting in structural change in the enzyme 
upon binding. 

It is now evident that there is association possible between 
R17 RNA (as well as other polynucleates) and transferase. It is of 
a non-specific nature and does not seem to directly involve the site 
of reaction on the enzyme, since these species do not accept nucleo- 
side monophosphates and they cannot protect the enzyme from thermal 
inactivation. This suggests the existence of another type of 
interaction, a more specific one, which requires the special] structure 
of tRNA. There may be a conformational change involved or simply a 
spatial arrangement necessary to permit close association of the 
3'-terminus with the active center and the nucleoside triphosphate 


substrate. 
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CHAPTER 4 


EFFECT OF ACRIDINES ON THE 


TRANSFERASE INCORPORATION REACTION 


Introduction 


After the basic characteristics of the E. coli tRNA 3'-terminal 
nucleotidy] transferase had been defined, it was decided to probe in 
turn the components of this system. Through individual investigations 
of transfer RNA and enzyme, it was hoped that further information could 
be obtained about the way in which these two important components 
interact. The search first was for a substance which would alter the 
behaviour of tRNA in the enzymic reaction without producing an effect 
on the enzyme. If the alteration in tRNA behaviour can be correlated 
with structure, some insight may be forthcoming about the association 
between tRNA and enzyme. 

A convenient tool with which to pursue this aim is the 
acridine dyes. It has been known for some time that acridine orange 
and its analogs, some of which have been used as antiseptics, are 
potent inhibitors of many reactions involving nucleic acids (83,84). 
These dye molecules are fused heterocyclic aromatics which contain 
either a quaternary ammonium group or an amine group that is 
positively charged at pH values lower than 10. Thus the molecules 
are capable of at least two types of interactions: (i) hydrophobic 
interactions involving the aromatic ring system and (ii) hydrophilic 
interactions involving the charged part of the molecule. It is 


generally agreed that there are indeed two types of interaction between 
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the acridines and nucleic acid. PNA, which is basically a hydrogen- 
bonded double helical structure, associates with these dye molecules 
by intercalation, at low dye to DNA nucleotide ratios (85). At high 
dye to DNA ratios, the dyes interact via the formation of a dye pseudo- 
polymer along the DNA. On the other hand, RNA does not have much 
double helix but maintains a more extended conformation, and it is 
capable of the second type of interaction (86). It is a non-specific 
association in which the charges are of paramount importance and 
which requires a high dye to RNA nucleotide ratio. The dye molecules 
self-stack with their positive charges aligned toward the negative 
phosphate charges of the polynucleate. 

lt may be useful at this point to indicate some differences 
between intercalation and base stacking. Base stacking is an 
unstructured process involving hydrophobic (n-electron type) inter- 
action between aromatic molecules. There may be only two aromatic 
moieties involved, or many more. Intercalation derives its eneray of 
stabilization from the same source (m-electron sharing) but differs 
from base stacking in that there is a structural requirement for 
insertion of one small aromatic residue between too nucleotide moieties 
that are in a helical structure. Thus fewer smal! molecules can 
associate with polynucleates via intercalation than via base stacking. 

Transfer RNA is believed to possess a unique conformation 
due to extensive intramolecular hydrogen bonding, which results in a 


clover-leaf structure. Thus tRNA molecules have two structural 


elements: double helical regions separated by single stranded sections. 


Due to these characteristics of tRNA, it can be expected, and in fact 


has been found, that tRNA binds dyes by intercalation under certain 
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conditions (87-90). The question thus arises as to what causes the 
inhibition of tRNA functions by acridine dyes, iseitydue topinter: 
calation of dye molecules in double helical regions of tRNA, or is it 
due to ionic interaction with the negative phosphate charges of the 
polynucleates? 

lt was hoped that an understanding of the nature of the 
inhibition by the acridine dyes would indirectly shed some light on 
the mechanism of tRNA recognition by the enzyme. The transferase 
system is well fitted to assess the effect of the dyes. The pH 
optimum for the reaction is 9, but at pH 8 and 10, activity can be 
measured that is half the maximal rate. The dissociation constant 
for the acridine amines is 9.6 - 10.5 (91). Therefore, by 
manipulating pH, it is possible to determine the effect of the 
acridine charge properties on the inhibition of the transferase 
reaction. Other nucleotidyl transferase systems whose pH optima 
range from 7 to 8 do not permit this type of analysis (26,27). 

Another useful aspect of this system is that there are 
available many chemical] analogs of acridine which permit one to 
assess the effects of different substitutions, for example bulky 
substituents at different ring positions. 

The third and final advantage in using the acridines is that 
they are fluorescent molecules. Fluorescence is very sensitive to 
molecular environment so that it can be used as a tool to determine 
the nature of the physical association between tRNA and acridines. 

The results presented below indicate that acridines do 
inhibit this reaction, but at higher concentrations than are expected 


for intercalation. Inhibition is partially dependent on the presence 
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of a positive charge on the dye molecule. Relative inhibitory power 
varies depending on the type of substitution on the fused ring system. 
Fluorescence studies indicate that interaction between tRNA and the 
dyes (in the inhibitory concentration range) involves stacking between 
the RNA bases and the dye molecules. Moreover, the first stage of the 
reaction (binding) is the one that is sensitive to these dyes. This 
prevents catalysis. The results do not support the hypothesis of 
inhibition by intercalation, nor do they support the concept of 
pseudopolymer formation. Rather they suggest a two-stage interaction: 
the first is fonically mediated. The positive charge of the dye 
interacts with the negative phosphate charges on the polynucleate. 
Then the aromatic portion of the dye is brought into stacking inter- 


action with the aromatic bases of the RNA. 


Results 


Inhibition by Acridine Orange and Ethidium Bromide 


Inhibition of the transferase reaction by these dyes was 
first examined in the CMP-incorporating system at pH 9. The data are 


presented in terms of dye concentration vs. initial rate of CMP 


incorporation, taking the rate of the reaction in the absence of dye as 


100%. Fig. 12 demonstrates that both acridine orange and ethidium 
bromide inhibit this reaction. Acridine orange reduces the reaction 
by a half at about 400 uM, ethidium bromide at about 200 uM. At this 
point, it should be noted in passing that the concentration of tRNA 


nucleotides in the reactions is about 600 uM. 
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Figure 12: tnhibition of transferase by acridine orange and 
ethidium bromide. Assays were performed as given in Materials and 
Methods, using 92.8 yg s.v.tRNA and 13.4 ug DC fraction. The initial 
rate of CMP incorporation in the absence of added dye was taken as 
100%. Activity was examined in the presence of varying amounts of 
acridine orange (A) and ethidium bromide (O). 100% activity in 


these experiments was about 4200 c.p.m./min/ug protein. 
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In order to investigate the expectation that inhibition was 
due to interaction with tRNA, a pre-incubation study was undertaken. 
These results are shown in Table 3. When a given concentration of 
acridine orange (AO) is pre-incubated on ice with s.V.tRNA, 83% 
inhibition of the subsequent incorporation assay at 37°C is observed; 
when AO is pre-incubated with enzyme alone, only 71% inhibition occurs; 
while pre-incubation with both enzyme and s.v.tRNA results in 89% 
inhibition. These results do not distinguish clearly whether the 
sites of inhibition were tRNA or enzyme. !n order to provide more 
definitive data, a concentration study was done. If changing the 
concentration of a reacting substance alters the amount of inhibitor 
required to produce an inhibition profile, that is good evidence that 
the substance in question is the site of the inhibitory action. The 
only reaction component which has this effect is tRNA. Fig. 13 
shows the acridine orange inhibition curves for AMP and CMP 
incorporation into tRNA-pXpCpC and tRNA-pXpC respectively, at two 
different tRNA concentrations. For this dye, a three-fold increase in 
tRNA concentration causes about a three-fold increase in the amount of 
acridine orange needed to produce inhibition. Fig. 14 shows a 
similar result for ethidium bromide inhibition. Once again, increasing 
the tRNA concentration causes an increase in the amount of dye needed 
to inhibit. There is no difference between the sensitivities of AMP 
and CMP incorporation to inhibition by acridine orange and ethidium 
bromide. These experiments demonstrate clearly that tRNA is a site of 


inhibition by these fused ring heterocycles. 
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TABLE 3. Acridine Orange Pre-incubation 


Preincubation mixture Per cent inhibition 
AO + sv-tRNA 83 
AO + Enzyme 71 
AO + sv-tRNA + enzyme 89 
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Figure 13: Effect of tRNA concentration on inhibition by acridine 
orange. Assayswere as in Materials and Methods, using DC fraction. 
12.1 ug RNase-free enzyme was incubated with 58 ug (O) or 174 ug (A) 
tRNA-pXpCpC in the AMP-incorporating system with increasing 
concentrations of acridine orange. Alternatively, 12.1] ug enzyme was 
incubated with 61.2 ug (@) or 183.6 wg (A) tRNA-pXpC in the CMP- 


incorporating system, also in the presence of varying dye concentrations. 
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Figure 14: Effect of tRNA concentration on inhibition by ethidium 
bromide. Conditions were as given in Fig. 13. A 12.1 ug aliquot of 
DC fraction enzyme was incubated with 58 ug (O) or 174 ug (A) 
tRNA-pXpCpC in the AMP-incorporating system. The same amount of 


enzyme was incubated with 61.2 yg (@) or 183.6 yg (M&) tRNA-pXpC in 


the CMP-incorporating system. 
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Investigation of the Mode of Interaction 


In order to determine whether inhibition could be caused by 
intercalation of dye molecules with the double helical regions of tRNA, 
Sephadex G25 chromatography was used. Free acridine orange was very 
strongly retained on the columns, but some dye molecules could be 
eluted with tRNA. Table 4 shows the acridine orange to tRNA molecule 
molar ratios of the load solutions and of the eluates. The molar 
ratios for the eluates were determined as described in Materials and 
Methods. At the lowest load solution ratio, there would be about 5% 
inhibition of the standard assay system. At the highest ratio, there 
would be about 60% inhibition. The eluates have ratios in the 
neighbourhood of 3 to 4, regardless of the ratio of the load solution. 
Three to 4 dye molecules is what can be expected to intercalate in the 
cloverleaf model of tRNA in the native conformation (92). The isolated 
s.v.tRNA-AO complex was examined for CMP incorporation. It was found 
that there is, in fact, no inhibition of CMP-accepting activity. Since 
the same value for the molar ratios is obtained regardless of the 
amount of dye loaded or of the extent of inhibition at that level, 
differential inhibition cannot be the result of intercalation. 

The next step was to investigate the possibility of pseudo- 
polymer formation by dye. One way of approaching this is to examine 
the differences in inhibitory power for differently modified dyes. 
Using the standard assay system at pH 9, inhibition curves for several 
dyes were done, as shown in Fig. 15. Some of the dyes show an 
unexpected stimulation of activity in the low range of the 
concentration curve. At present, there is no explanation for this. It 


is obvious that all of the dyes do inhibit the reaction, at various 
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TABLE 4. Sephadex G25 Chromatography 


Molar AO/tRNA ratio load solution 


Fs) 
29.8 


Molar AO/tRNA ratio eluate 
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Figure 15: Inhibition of transferase by different dyes. Assays were 
done as described in Materials and Methods. A 13.4 ug sample of DC 
fraction transferase was incubated with 92.8 ug s.v.tRNA in the CMP- 
incorporating system. Incorporation was measured in varying 
concentrations of the non-acridines: auramine-O (©), celestine blue 
(QO), methylene blue ((Q) and fluorescein (AA); and in the presence of 
the acridines: phosphine (@), acriflavine (@), 9-aminoacridine (A), 


proflavine sulfate (@), and acridine yellow (W). 
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concentration ranges. To compare these ranges, |!-50 values were taken 
from these graphs. The 1-50 is the dye concentration at which 50% 
inhibition occurs. Table 5 gives these values for the acridines 
tested. These compounds are structurally very similar, except that the 
analogs differ in the extent and type of modification. Acridine 
yellow has four electron-donating substituents at the 2,7 and 3,6 
positions. It is the most effective inhibitor of the acridines. The 
quaternary amine, acriflavine, is next. It is a better inhibitor 

than the otherwise similar proflavine sulfate, which has only 2 
electron-donating groups. Acridine orange has the same number of 
electron donating groups as proflavine sulfate, yet it is a less 
efficient inhibitor. The difference between these two molecules is 
mostly in the size of the substituents; acridine orange has the large 
dimethyl] amines, and proflavine the unsubstituted amines. The effect 
of the size of substituents is further demonstrated by the two-fold 
difference between the inhibitory power of 9-amino acridine and 
phosphine. The main structural difference between these two dyes is 
that phosphine has the bulky anilinium group at the 9-position while 
9-amino acridine has the amine group. 

Table 6 shows the 1-50's for a series of non-acridines. In 
general, it can be seen that non-acridines are usually less potent 
inhibitors than acridines. Fluorescein is about the same size and 
shape as phosphine, yet its 1-50 is three times as great. The crucial 
difference between them is in the charge distribution--fluorescein is 
negatively charged, while phosphine is positively charged. 

Auramin-0 differs from the other dyes in that it is not a 


fused ring system. However, its molecular dimensions are quite similar 
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TABLE 5. Inhibition by Acridine Analogs 


Ten ene EC A I 
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Name Structure 1-50 (uM) 
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TABLE 6. Inhibition by Non-acridines 


Name Structure 1-50 (uM) 


Fluorescein 2140 
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Auramine-O jot’. (i NCHS 1600 
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Celestine blue Hoc. 0 OH 1130 
-N © 1 
Debe 
3 
Ne 
H.C 4 P3015 
Methylene blue 2a S Naor 294 
Hc Oe 3 


Ethidium bromide 140 


78 


i " 


& 


ce ms 
oe _ is 
Le ced a 
ceed aie ay ie ate i 
mune a hoon 
a 
—— 


on 
END E ESM 


79 


to acridine orange. Auramin-0 does possess inhibitory power, but it 

is quite low. Celestine blue is an oxazole, and is not a 

particularly good inhibitor. Methylene blue is a thiazole, but aside 
from this modification, it is structurally identical to acridine orange. 
Not surprisingly, it inhibits in the same concentration range as does 
acridine orange. Ethidium bromide is a phenanthridine and a quaternary 
amine, and it has an |-50 which lies between those for acriflavine 


and proflavine sulfate. 


pH Study 


A pH study was undertaken to determine the extent of charge- 
involvement in inhibition. Since the acridine analogs all contain 
either tertiary amine groups with pK's around 9.5 to 10.5, or quaternary 
amines, it should be possible to manipulate the amount of positive 
charge on the ionizable dyes merely by changing the pH. The quaternary 
amines, acriflavine and ethidium bromide, are positively charged at al] 
pH's. It is possible to detect fairly good transferase activity at 
pH 8, 9, and 10, so that a percentage activity can be calculated for a 
given amount of dye at each pH. If a positive charge is necessary for 
inhibition, the fonizable dyes should lose inhibitory power at pH 10, 
indicated by increased per cent activity at that pH. The quaternary 
amines should not show this effect. The pH curves are shown in Fig. 16. 
As expected, the ionizable acridines--phosphine, 9-aminoacridine, 
acridine orange, proflavine sulfate, and acridine yellow--show decreased 
inhibitory power at pH 10. The quantitative differences in the 
response to pH between these compounds can be related to differences in 


the pK of the amine group. In contrast to the ionizable dyes, the 
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Figure 16: Effect of pH on inhibition by dyes. Assays were performed 
as described in Materials and Methods except that pH was adjusted by 
use of appropriate glycine-NaOH buffers (final concentration, 0.05 M). 
In (A), 13.4 wg RNase-free transferase was incubated with 92.8 ug 
s.v.tRNA, in the presence of 83.2 uM (©) and 208 uM (A) acriflavine, 
in the CMP-incorporating system. In (B), incubation included 62.4 uM 
(O) and 124.8 uM (AA) ethidium bromide; in (C), 558 uM (©) and 

744 uM (AA) phosphine; in (D), 272 uM (OQ) and 362 uM (A) 9-amino- 
acridine; in (E), 75.6 uM (CO) and 151.2 uM (AA) acridine orange; 

in (F), 91.6 uM (©) and 183.0 uM (AA) proflavine sulfate and 


in (G), 34.5 uM (CO) and 57.5 uM (A) acridine yellow. 
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quaternary amines do not lose inhibitory power at pH 10. Indeed, there 
seems to be greater inhibition at this pH, perhaps the result of some 


structural destabilization of the tRNA due to the high pH. 


Effect of Fluorescein on Early Stages of the Reaction 


In order to determine whether the inhibitory effects of the 
fused heterocycles were due to the first stage of tRNA-enzyme 
association, the effect of some acridines on tRNA binding to 
transferase was examined. Unfortunately, it was found that at pH 5.6 
(the necessary pH for the binding assay), amine-containing compounds 
are precipitated, causing non-specific retention of labelled RNA on 
the filters. All of the fused heterocycles tested except fluorescein 
contain amine groups. For this reason, fluorescein was chosen as a 
model system to determine whether the fused heterocycles act at the 
level of initial binding. The effect of increasing concentrations of 
fluorescein on the binding of [FH] CMP- cRNA and of LeDllomeny: RNA to 
transferase was therefore examined using the Millipore filtration 
method. The result is shown in Fig. 17: binding activity of both 
RNA species falls off as dye concentration increases. R17 RNA 
binding appears to be slightly more sensitive to the presence of 
fluorescein than tRNA binding. The reason for this may be that the 
complex between tRNA and enzyme may be more stable than that between 
R17 RNA and transferase. It has already been observed that the type of 
binding exhibited by these two polynucleates differs: tRNA binding is 
able to protect the enzyme from thermal inactivation, while R17 RNA 
binding is not. It can be seen from these data that the observed loss 
of incorporating activity in the presence of fluorescein may be 


attributed to decreased binding of tRNA substrate with enzyme. 
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Figure 17: Effect of fluorescein on tRNA-enzyme and R17 RNA-enzyme 


binding. Binding was monitored by millipore filtration as outlined in 
Materials and Methods (Chapter 2). The incubation mixtures contained 
varying amounts of fluorescein. Controls at each dye concentration 
lacked enzyme. The amount of [3H] CMP-tRNA (@) or ue et RNA (A) 
bound was calculated by subtracting the amount of radioactivity re- 
tained on millipore filters in the absence of enzyme from the amount re- 


tained in the presence of transferase. The 100% level of binding in 


these experiments (that obtained in the absence of dye) was 24,000 c.p.m. 


/23 ug protein for tRNA and 37,000 c.p.m./23 ug protein for R17 RNA. 
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Fluorescence Study 


The comparison study (see above) indicates the fundamental 
necessity of the aromatic ring system in the process of inhibition. 
Fluorescence measurement is a good tool for the study of this aspect 
because it is so sensitive to changes in the environment of the 
aromatic portion of the dye molecules. Fig. 18 shows the fluorescence 
emission spectrum of acridine orange, in the presence of various 
polynucleates. In the absence of polynucleates, acridine orange has a 
fluorescence emission spectrum with a maximum at 535 nm. If RNA is 


5 


added at a concentration higher than tos M, a large shift in emission 
maximum to 650 nm is observed. In conjunction with this, the emission 
at 535 decreases. This is a differential effect--the greatest enercy 


shift occurs for poly-A, then poly-G, with tRNA in the middle, then 


poly-C and poly-U. 


Discussion 


Inhibition of tRNA 3'-terminal nucleotidyl transferase by 
acridine and non-acridine dyes has been demonstrated. Of the 
reaction components, only tRNA concentration causes the inhibition 
level to change: if more tRNA is present, more dye is required to 
produce the same level of inhibition. This clearly indicates that 
tRNA is the site of inhibitory action. The question thus becomes: 
how does tRNA interact with dye molecules to produce a tRNA molecule 
that cannot accept CMP or AMP? 

Two possibilities were investigated: (1) intercalation of 
dye molecules between successive bases in the RNA double helical 


sections, and (2) pseudopolymer formation of dye along the nucleic acid 
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Figure 18: Fluorescence emission spectra of AO in the presence of 
various polynucleates. Fluorescence was measured as given in 
Materials and Methods. Acridine orange at a concentration of 

1.5 x 107° M was mixed with polynucleate at a concentration such 
that AO/RNA base = 1. Emission spectra are given for AO in the 
Dresencegote poly -Ul || Wie), g.pOlycG: Aue jae RNAG (oer). DO Lys seamnls 


and poly-A ( ). Incident wavelenqth was 300 nm. 
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chain. In (2), the dye molecules self-stack with the positive charges 
oriented toward the nucleic acid chain, so that the force holding the 
nucleic acid and pseudopolymer together is ionic. 

Intercalation can be excluded on the basis of the high 
concentration of dye required for inhibition, and on the basis of the 
gel filtration studies. Regardless of the acridine orange to tRNA 
molar ratios of the original mixture, 3 to 4 dye molecules were 
intercalated into each tRNA molecule. Urbanke etilal behave recently 
investigated by fluorescence methods the binding of ethidium bromide 
to different conformations of two purified tRNA species (92). They 
find that in the folded state (8°C), there are only three binding 
sites for ethidium bromide, this binding being characterized as 
intercalation. Yet at this level of AO, there is no inhibition of 
the transferase assay. The dye molecules that are involved in 
inhibition must form an association with tRNA which is less stable 
than intercalation. 

Investigation of the possible nature of this interaction led 
to a study of variously modified dyes. In the acridine series, there 
is a clear correlation of inhibitory power with number of electron- 
donating substituents: the greater the number of electron-donating 
groups, the greater the inhibitory power of the dye (i.e. lower 1-50). 
Electron-donat ing substituents would have two effects on these 
compounds. It is well known that electron donation raises the pK of 
ionizable groups on such molecules: the greater the number of 
electron-donating groups, the more basic the character of the amine. 


This effect is expected to be of minimal importance in differences in 


inhibiting power, however, since the variation in pK for these compounds 
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is not excessive (9.6 - 10.5). The second effect is that of 
increasing the stacking tendency: electron-donating substituents 
increase the tendency of heterocycles to interact by base stacking (81). 
Nakano and Igarashi (81) have found, for example, that for the 
formation of complexes with adenine in aqueous medium, the association 
constant for thymine (5-methyluracil) is almost double that for 
uracil. Thus this effect is likely of paramount importance in inter- 
preting the |1-50's of the acridine series. On this basis, acridine 
yellow would have the greatest stacking tendency, and it is the best 
inhibitor of the series. It is even better than the quaternary amine 
acriflavine, which might be expected to be the best inhibitor if the 
primary requisite for inhibition were a positive charge. Proflavine 
sulfate has two fewer electron-donating groups, and is less effective 
as an inhibitor. 9-Aminoacridine has only one such group in the 
more aliphatic position on the middle ring, and it is less efficient 
Sel s 

One other factor emerges from the study of the acridine 
analogs. Acridine orange has the same number of electron-donating 
groups as proflavine sulfate, yet it is a less efficient inhibitor. 
The only difference between the two compounds is the presence of the 
bulky dimethyl-amines in acridine orange as opposed to the 
unsubstituted amines in proflavine sulfate. This size effect is 
further demonstrated by the two-fold greater inhibition by 9-amino- 
acridine over phosphine. Here the essential difference is that 
phosphine has far the bulkier group at the 9-position. 

Thus, for the acridine series, two effects are obvious: 


first, inhibition is favoured by electron-donating substituents which 
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increase stacking tendency, and second, inhibition is disfavoured by 
bulky substitutions on the aromatic system of the dye. 

The non-acridine series demonstrates a charge effect. 
Fluorescein is the same size and shape as phosphine, but it is only 
One-third as effective as an inhibitor . However, unlike phosphine, 
fluorescein is negatively charged. Thus a negative charge also 
disfavours inhibition. Another factor obtained from these data is 
that although the fused ring system is not essential for inhibition 
(auramin-0 is able to inhibit), its absence results in low inhibitory 
power. 

The fact that methylene blue inhibits in the same 
concentration range as acridine orange indicates that inhibition is not 
specific to charged amines. Methylene blue is a thiazole with the 
positive charge on the sulfur. Otherwise, it greatly resembles acridine 
orange. Nor is inhibition specific to linearly fused aromatic systems. 
Ethidium bromide is a phenanthridine and a quaternary amine, and its 
inhibitory concentration range is similar to the more effective 
acridines. 

The pH data clearly demonstrate the importance of having a 
positively charged dye molecule. At pH 10 where more molecules will be 
in an un-ionized form than at pH 8 or 9, the ionizable acridines lose 
inhibitory power. The quaternary amines acriflavine and ethidium 
bromide do not lose inhibitory power throughout this range. Thus, 
clearly, a positive charge is important for inhibition. However, it is 
not sufficient, to judge from the low inhibiting action of auramin-O. 

The fluorescence data highlight the part played by the 


aromatic ring system. Addition of polynucleate to acridine orange 
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solutions, when the polynucleate concentration is greater than 10 M, 
results in a shift in emission maximum from 535 to 650 nm. This shift 
is a differential effect--the greatest energy shift occurs for poly-A, 
then poly-G, with tRNA in the middle, then poly-C and poly-U. This 
order of the synthetic polynucleates corresponds to the order of self- 
Stacking of the nucleic acid bases. If the association of dye with 
polynucleate, at this concentration range, is due to pseudopolymer 
formation by dye along the nucleic acid backbone, then there should 
be no differential effect among the different homopolynucleates, since 
there should be no direct interaction of the nucleic acid bases with 
the aromatic dye residues. The dye molecules should ''see'' only the 
phosphate backbone of the nucleates, and these should be virtually 
identical. However, it is obvious from the fluorometric results that 
the dye molecules do in fact ''see'’ the individual bases of the RNA. 
Moreover, the interaction is such that the polynucleates made up of 
bases which have a greater tendency to self-stack also have a greater 
tendency to associate with dye molecules. This is very suggestive 
that the interaction between AO and tRNA primarily involves stacking 
between the dye and bases. This type of interaction would be 
compatible also with the finding that bulky substituents on the dye, 
especially in the position para to the positive charge, decrease the 
inhibitory power of that dye with respect to otherwise similar analogs, 
and with the finding that those dyes that are expected to have a 
greater tendency to stack are better inhibitors. 

It has been found that fluorescein inhibits the first stage 
of the reaction, causing a reduction in the binding of RNA to enzyme. 


tRNA binding is more resistant to the presence of dye than is R17 RNA 
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binding. R17 RNA binds non-specifically to transferase. The 

binding is sufficient to cause inhibition of the transferase reaction 
with tRNA, but not sufficient to result in incorporation of nucleo- 
side monophosphate into R17 RNA or to protect the enzyme from thermal 
inactivation. The greater relative sensitivity of R17 RNA over tRNA, 
for binding in the presence of dye, may be due to weaker binding of 
the large phage RNA and transferase. Since the polycyclic dyes 
interact with nucleic acid via a semi-specific process, probably 
involving base-stacking, it is not surprising to find that the initial 
phase of the reaction, i.e. binding of tRNA to transferase is the 
One that proves sensitive to the dye. 

Therefore, although intercalation is not involved in 
inhibition, the alternative hypothesis of some sort of dye pseudo- 
polymer formation appears not to be completely valid either. Two 
phenomena have been demonstrated: one is ionic and the other hydro- 
phobic in nature. The results suggest a two-stage interaction: the 
first is jionically mediated. The positive charge of the dye interacts 
with the neaative phosphate charges on the polynucleate. Then the 
aromatic portion of the dye is brought into stacking interaction with 


the aromatic bases of the RNA. The result is a tRNA species which 


cannot accept AMP or CMP in the tRNA 3!'-terminal nucleotidyl transferase 


system, and which cannot even bind to transferase. 
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CHAPTER 5 


OTHER PROBES OF tRNA RECOGNITION BY TRANSFERASE 


Introduction 


The results of Chapter 4 indicate that fused-ring hetero- 
cycles inhibit the transferase reaction by interacting with the 
transfer RNA substrate. This interaction prevents binding to the 
enzyme and in this manner inhibits catalytic action by transferase. 

The search now turns to other probes of the system. One 
compound that could be expected to alter the behaviour of the protein 
component is aurin tricarboxylic acid (ATA). It has been shown that 
this substance effectively inhibits several] systems involving protein- 
RNA interactions. These include aminoacyl-tRNA synthesis (93), mest 
synthesis (94-96), and mRNA-ribosome interactions (95,96). The effective 
concentration of dye varies depending on the system and on the 
concentrations of reaction components within the system reported. 
However, there is general agreement that the inhibitions occur through 
association of ATA with protein. An advantage that ATA possesses as a 
probe of enzyme action is the fact that several differently-modified 
analogs are available. The basic unit (aurin) is a triphenylmethane 
group, to which various substituents are attached in different ring 
positions. By comparing the inhibitory actior. of the analogs, it may 
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a should be noted at this point that for this chapter, the 


transferase preparation contained trace amounts of aminoacy!- 


tRNA synthetase, but no RNase. 
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be possible to determine what aspects of ATA structure produce 
inhibition, which in turn may throw some light on the structure of the 
catalytic site on the enzyme. 

In spite of this expectation, other characteristics of ATA 
might lead one to speculate other causes for inhibition. For example, 
as a dye, ATA forms a magnesium ''lake'' by complexing with the metal 
ions (97). This 'lake'’ is what is applied to certain types of cloth 
to make the dye fix, to attach the dye permanently to the cloth. The 
transferase system has a very strict magnesium requirement (see 
Chapter 3). If ATA inhibits, and if a complex is formed, then the 
cause of inhibition may be removal of the magnesium necessary for the 
enzymic reaction. 

The results indicate that the triphenylmethanes do inhibit 
the tRNA nucleotidyl transferase system, and that this inhibition does 
not involve either complex salt formation with magnesium ion or 
interaction with tRNA. The site of action is the enzyme. The data 
permit speculation that ATA itself may attack a nucleotide-recognition 
site. The binding study indicates that this site is one involving 
the tRNA nucleotide(s). 

Other probes, whose action is not so well understood as that 
of ATA, are the polyamines. The presence of these compounds in the 
cells of most organisms is widely known. They seem to be present ir 
fairly high concentration (2-5 mM), and appear to function in various 
ways. See, for review, Introduction to the Polyamines (98). It has 
been observed for instance that spermine, spermidine, cadaverine, and 
Mate partially protect protoplasts against thermal lysis (99). Also 
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spermine, putrescine, and Mg : are specific in promoting the induction 
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of premature chromosome condensation of the interphase nuclei of 
hybrid HeLa cells (100). Another type of action is that of counter- 
acting various types of inhibition, e.g. mescaline destabilization of 
brain cortex ribosomes (101), pactamycin-inhibition of the initiation 
of protein synthesis (102), and streptomycin inhibition of leucine 
incorporation into protein (E. coli system) (103). A third type of 
action is that of stimulating or activating several types of 
activities, e.g. binding of ribosomes to endoplasmic reticulum (104), 
amino-acy] tRNA synthesis (105), amino acyl-tRNA binding to 

ribosomes (106-108), protein synthesis (109,110), and tRNA-methylase 
activity (111). It is known that polyamines bind very strongly to 
DNA (112), so that some of their effects can be seen to be due to this 
factor. In other cases, the concensus seems to be that they function 
mainly as replacers of Men The mechanism is not well understood; 
the molecules are polycations and are present in vivo in about the 
concentrations which produce the various effects that have been 
observed. 

In the transferase system, it was found that, at low 
concentrations, polyamines caused varying levels of stimulation 
depending on the amount of ve present. At higher concentrations, 
inhibition of transferase activity was observed. The stimulatory 
effect appears to be additive: even at optimal None concentration, 
there is marked stimulation by the polyamines, especially spermine. 
This excludes the possibility that polyamines stimulate transferase 
activity solely by replacement of magnesium. The true cause of 
stimulation is not at present known. However, inhibition at higher 


concentrations has been found to be due to precipitation of the tRNA 
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substrate, preventing association of this species to the enzyme, as 


determined by thermal inactivation studies. 


Results 


Effect of Aurin Derivatives on the Incorporation Reaction 


Concentration profiles for the inhibition of CMP incorporation 
into s.v.tRNA were obtained for several dyes, under the standard 
assay conditions outlined in Chapter 4. From these curves, 1-50 values 
for the triphenylmethane dyes were determined as before (see Chapter 4). 
These results are summarized in Table 7. ATA inhibits at a very low 
concentration (3 uM) and is clearly much more effective than even the 
next-best inhibitor in this series (40-fold difference in 1-50). It 
is also more effective than the acridine series, although some of the 
analogs of ATA inhibit in a concentration range close to that of the 


acridines. 


Investiaation of Mode of Action of ATA 


To determine what reaction component(s) interact with ATA, 
it was decided to examine several aspects of the transferase system. 
Since, in dye chemistry, the aurins are known as metal ion 
complexers (105), it could be speculated that their inhibitory action 
is related to the magnesium requirement of the transferase reaction. 
However, the inhibitory concentration of ATA (3 uM) is far too low 
for it to be acting through this mechanism (Mg = concentration is 5 mM). 
As a preliminary step to discovering whether enzyme or tRNA 
were the site of inhibition, the effect of addition order was examined. 


Table 8 shows the result of adding ATA after s.v.tRNA, but before 


i. = 7 7 
ny : : 4 7 An 7 7 7 cs > ; 
™ 74 ts | r ¢ . ent ' 
: on > an a 
: er, ~oe Lah a Bi. ‘ 
pcb i via IY er 
pa 


a ee 


i 


he & leila pre tvis wile fal on 
Oe | % 4 Ob ey egies oe eh 
nol sevoqroan! M9 Yo nofstdidnt sda ot esl (texq dofieitneono) 
rabnese etls vabmu .2oyb Teraver tot beniesdo stew ANAd.v.2 Ginl 
eoulev O21 ,esviua s#and ov? W'siqed9 nt bent fduo enoldibnos yekes 
(1 1asqed9 s92) sroved 26 BerIMSdab etew soyb snerdemtynsdait! eid Yo? , 
wol view 6 26 aiididad Wik. AabieP’ ni beat vomiud iN dail Meare 
$2 nave nedd evirastis sion dou yligefs 2! brs (My £) notte Snabhes 
t!° , (08-1 ai stnéaatttb #fe¥-oll) estyee aids ni vosidindl 4 Khe 
oda 46 sme: dgvetdts ,asfaee ant hTaoe ado neds svijoBt?= arom onte a 
eid Yo dey 09 azo} spnb ene 4 6 ni sididat ATA Yo ‘ies 
“vesniblios 


— | a9 (hp 
ATA ddiw tosrvasnh (2) sesnogmos nolsaee7 serw onimeteb oT : 
Meseye segretener? sd2 to ajosges ler1evee snimexe o3 bebloeb 2aw 3 | 
noi teJem 26 word 978 enivus ods ,yrIeimorio sybini yaonte 

noitos yrotididnt viele teds bets twonoe 2d bluco 1, (20) ev9xetqmos 
MOF 32601 szeroTensrd sd to gnemanivpes muiléengem ong os betsior et 
wot oo3 167 21 (My £) ATA %© aoltevanesnos 103 Id ira ony, yeveWOH 

(tm @ 21 notaevanasnes *eh) matneitoem sty epuonts enisze ed 09°31 207 
AMAI XO Smysnis redder nee obtab - 


Name Structure 1-50 (uM) 
ATA A a 
HOOC C ore) 3 
40 COOH 
Guo 
Aurin C We 
OH 
CH, CH 
ane see 
Azure blue B HOOC C C00 320 
on 
OH 
NH 
Fuchsin basic C 157 
CH 
; NH, 3 
SO.,H oo 
3 + 
NH 
a SOF ; 
C 680 


Fuchsin acid 


TABLE 7. Inhibition by Aurins 
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TABLE 8. Effect of Addition Order on ATA Inhibition 


Addition Order at 3 uM ATA ~*ActINi ty 

) s.v.tRNA > ATA+ enzyme 552.0 
56.7 

(2) s.v.tRNA > enzyme > ATA 83.4 
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enzyme, and of adding it after enzyme (when s.v.tRNA is already present). 
Inhibition is greater when enzyme is added last. This could Suggest 
either that tRNA is the site of inhibition or that the presence of 

tRNA protects the enzyme from ATA action. To clarify this issue, the 
effect of changing the concentration of s.v.tRNA and of enzyme was 
examined. This result is shown in Fig. 19. Increasing the tRNA 
concentration in the presence of 10 uM ATA results in no recovery of 
incorporating activity. It should be noted that at 100 ug s.v.tRNA/O.5 
ml reaction mixture, the system is already saturated for that component. 
On the other hand, increasing the enzyme concentration under the same 
conditions results in substantial recovery of activity after 20 ug 
enzyme/0.5 ml reaction mixture. Moreover, the recovery occurs so that 
the curve (+ATA) is parallel to the curve (-ATA). Exactly analogous 
results were obtained when less ATA was used «100% inhibition point 
under the standard conditions). These data demonstrate that the 


enzyme is indeed the site of inhibition. 


Effect of Aurin Derivatives on Early Stages of the Reaction 


The effect of triphenylmethane dyes on the binding of nucleic 
acid to transferase was amenable to study since three of the tested 
compounds contain no amines and hence do not precipitate at pH 5.6: 
aurin, azure blue B, and aurin tricarboxylic acid (ATA). Fig. 20 
shows the effect of increasing concentrations of aurin and azure blue B 
on the binding of [3H] CMP-tRNA to enzyme. Binding declines steadily as 
dye concentration increases. With this in mind, it was decided to 
examine ATA effect on the binding of both (4cjs.v.RI7 RNA and [2H] cMP- 


tRNA to the enzyme. If there were a significant difference, that might 
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Figure 19: Effect of enzyme and tRNA concentration on inhibition by 
ATA. Incorporation was measured in the absence of ATA (@s OG) Pand sin 
the presence of 10 wM ATA (AA, V_). In graph A, enzyme concentration 
was increased from 14 yg to 40 yg per 0.5 ml reaction mixture. In 
graph B, s.v.tRNA concentration was increased from 100 yg to 300 ug 


per 0.5 ml reaction mixture. 
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Figure 20: Effect of aurin and azure blue B on tRNA-enzyme binding. 
Binding of transferase to [7H]CMP-tRNA was monitored as described in 
Materials and Methods, in the presence of varying amounts of aurin 
(AA) and azure blue B (O). The amount of label bound was calculated 
by subtracting the amount of radioactivity retained on millipore 
filters in the absence of enzyme from the amount retained in the 
presence of transferase. The 100% level of binding in these 


experiments (that obtained in the absence of dye) was 24,000 c.p.m./ 
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give some information as to which type of binding was being 

inhibited: the non-specific type shown by both R17 RNA and tRNA, or the 
specific type shown only by tRNA. As can be seen in Figs 214° theres 
no significant difference in the 1-50 of binding for the two poly- 
nucleates, indicating that the former type of binding is being 


inhibited. 


Effect of Polyamines on Transferase in the Absence of Mgt? 


The polyamines investigated were: spermine 


HON (CH,) 2NH(CH,) ,NH(CH NH,» spermidine HoNECH,) NH (CH, ) .NH,, and 


2)3 


putrescine H N(CH, ) -NH,- Fig. 22 shows that all of the polyamines are 


2 
capable of some stimulation of transferase activity when Mg*? 

is absent from the system (enzyme was desalted by Sephadex G25 
chromatography). 100% activity is the activity at zero polyamine in 

the presence of 5.2 mM magnesium. Of the polyamines, spermine stimulates 
at the lowest concentration, with a sharp maximum at 1] mM. Spermidine 
has a broader maximum from 1 - 3 mM, while putrescine has a maximum 

that is broader yet (2 - 10 mM). Spermine and spermidine both inhibit 
the reaction at 10 mM, the inhibition being greater for spermine. 


Putrescine does not show this severity of inhibition, although 


activation does decrease slightly by 10 mM putrescine. 


: +2 
Effect of Polyamines in the Presence of Mg 


In the presence of magnesium, stimulation by polyamines 
was observed. The effect appeared to be additive. Fig. 23 shows the 
concentration profiles for spermine in the presence of 0, 0.2 mM, and 


5.2 mM magnesium. There is a slight shifting of maximum, from 1 mM 
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Figure 21: Effect of ATA on tRNA-enzyme and R1]7 RNA-enzyme binding. 
Binding of transferase to [PH] CMP-tRNA (©) and to evens ics ty RNA 
(A) was measured as given in Fig. 20, in the presence of varying 


concentrations of ATA. The 100% level of binding was 37,000 c.p.m./23 


ug protein for RI7 RNA. 
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Figune 22:° Effect of polyamines) on transferasestna the apsencesc: Kg 
Assays were done as in Materials and Methods. Enzyme was desalted to 
remove Mg’ by passing through Sephadex G-25. On the same day, the 
desalted enzyme was used for these assays. Enzyme that exists for over 
a few hours in the absence of salt loses activity and responds 
anomalously to polyamines. Incorporation of [FH] CMP into s.v.tRNA was 
measured in the presence of spermine (CQ), spermidine (0), and 


++, 
putrescine (AA). 100% activity is the activity when 5 mM Mg is 


added to a reaction mixture containing no polyamine. 
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Figure 23: Effect of spermine on transferase at varying Mg’? 
concentrations. Assays were performed as in Fig. 22. Only for the 
zero Mg’ curve was the enzyme desalted by Sephadex G-25. It was not 
necessary for the others. Incorporation of 34-CMP into s.v.tRNA was 


measured at O mM Mg” CAS WE? Gis Mg (@i)peand at 5225 Mg’* (O) 


at spermine concentrations up to 10 mM. 
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when no magnesium is present to 2 mM when 5.2 mM Mg*? is present. In 
each case, at an appropriate spermine concentration, there is 
increased activity observed over that obtained with only magnesium 
present. The 100% level for all curves is the extent of incorporation 
in the absence of polyamine, but in the presence of 5.2 mM veep re 
is also clear that there is inhibition at the higher concentrations of 
spermine. Fig. 24 shows these data for putrescine. The stimulatory 
effect is much more diffuse for putrescine than for spermine, and at 
5.2 mM magnesium, the effect seems to be destroyed. However, it can 


still be seen that at sub-optimal Mg*? concentrations (0 mM and 0.2 mM), 


the effect of putrescine is additive. 


Investigation of the Mode of Action of Spermine 


In an effort to see if polyamines act primarily on enzyme or on 
tRNA, a simple experiment was done, altering the s.v.tRNA to enzyme 
ratio. Two conditions were used: (a) a ratio of s.v.tRNA/enzyme of 
37.2 on a molar basis (taking the molecular weight of enzyme to be 
56,000, estimated from Sephadex chromatography), and (b) a ratio of 
s.v.tRNA/enzyme of 9.3. Using these conditions, a concentration 
profile of spermine at 5.2 mM magnesium was done as shown in Fig. 25. 
There is no discernible difference in the profiles, and the maximum 
is again 2 mM spermine, as it was in the standard condition of Fig. 23 
where the ratio of s.v.tRNA to enzyme is 18.6. The difference in 
extent of stimulation shown here and that shown in Fig. 23 is the 
result of the age of the polyamine solution: as it grows older, 
stimulation decreases. If spermine acts specifically on enzyme, 


the lower tRNA/enzyme ratio should cause a shift in maximum to a 
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Figure 24: Effect of putrescine on transferase at varying Mg 4 
concentrations. Assays were done as described for Fig. 23. /n- 
corporation of [FH]-cMP ‘ato s.v.tRNA was measured in the presence of 
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concentrations up to 10 mM. 
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Figure 25: Effect of s.v.tRNA to enzyme ratio on the spermine 
activation profile for transferase. Incorporation of [3H] -cMP into 
s.v.tRNA was measured for spermine concentrations up to 10 mM, when the 
s.v.tRNA to enzyme ratio was 37.2 (O) on a molar basis and when it was 
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higher spermine concentration. Conversely, if tRNA were a specific 
site, the higher ratio should cause a shift. Neither of these 
conditions prevail, indicating that there is no specific effect on 
either enzyme or RNA. 

Although there was no specific effect found, it was thought 
that there might be an effect on thermal inactivation of transferase. 
From Chapter 3, it can be seen that transferase is readily inactivated 
at 50°C in the absence of materials that stabilize it (e.q. tRNA). 
Transferase was pre-incubated at 4° and 50°C for 20 min in the 
presence of varying amounts of spermine. Activity was then assayed by 
adjusting the spermine concentration in each tube to 2 mM. 100% 
activity at a given spermine pre-incubation concentration was the 
activity of the control pre-incubated at 4°C. As can be seen in 
Fig. 26, there is some slight protection as spermine concentration 
increases; however, the profile does not correspond to the profile of 
stimulation and inhibition of activity as seen in Fig. 23. It seems 
very likely that this protection is due to a non-specific salt effect 
(it had been found that it was necessary to remove salts from those 
enzyme preparations containing High Salt Buffer before carrying out 


thermal inactivation studies: Chapter 3). 


Effect of Spermine on Early Stages of the Reaction 


In order to determine whether the stimulatory and/or 
inhibitory action of polyamines was due to the first stage of tRNA-enzyme 
association, the effect of spermine on tRNA binding to enzyme was 
examined using Millipore filtration. Unfortunately, amine-containing 


compounds are precipitated at pH 5.6, causing extensive and erratic 
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Figure 26: Effect of spermine on thermal inactivation of transferase. 
Duplicate tubes containing transferase and varying concentrations of 
spermine in 50 mM Glycine-NaOH (pH 9), 5 mM MgCl, and 1] mM BME were 
pre-incubated for 20 min at 4°C or at 50°C. Spermine concentration was 
then adjusted to 2 mM, the other reaction components were added, and 
activity remaining was measured as [FH] CMP incorporation into s.v.tRNA 


at 37°C. Per cent activity is calculated taking the controls at 4°C 


pre-incubation temperature as 100%. 
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non-specific retention of labelled RNA on the filters. Hence, it was 
impossible to monitor the first stage of tRNA-enzyme interaction by this 
method. Other technical difficulties made gel filtration methods also 
unsuitable, even though higher pH's could be used. 

Thus, it was decided to examine thermal inactivation of 
transferase, thereby monitoring all stages of association between tRNA 
and enzyme prior to actual incorporation. It is clear that spermine 
itself confers a certain amount of thermal stability on the enzyme. 
The protection due to polyamine had to be eliminated via experimental 
design in order to determine what effect spermine has on the inter- 
action between transfer RNA and enzyme. This was done by adding 
controls at each spermine concentration. The protection due to tRNA 


alone was then determined by the following reactions: 


initial rate (pre-incubation at 50°C) 


% j i = ry . . Say aS FE a a Ew EO Q \ 
eal initial rate (pre-incubation at 0 Gor Mole 


Protection due to tRNA = (% activity for pre-incubation in the 
presence of tRNA) - (% activity for pre-incubation in the 


absence of tRNA) 


for each spermine concentration tested. The result is shown in Fig. 
27. There is no stimulation of protection at any concentration 
tested; rather, protection due to tRNA is seen to decline steadily as 
spermine concentration increases. Moreover, a white precipitate was 
observed in those tubes containing tRNA and 6 or 10 mM spermine. A 
subsequent test of precipitation of tRNA by spermine showed that 65.1% 


of the A in the pre-incubation mixture was precipitated at 10 mM 
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spermine. Thus, the loss of ability of tRNA to protect the enzyme can 
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Figure 27: Effect of spermine on tRNA protection of transferase from 
thermal inactivation. Thermal inactivation was performed by pre- 
incubation of 12 ug of enzyme in the presence or absence of tRNA and/or 
spermine, in a total volume of 50 ul, for 20 min at 50°C. Following 
this step, the standard assay system, in which the spermine concen- 
trations had been adjusted to 2 mM, was used to determine activity 
remaining. In both the pre-incubation and assay mixtures, the pH was 
9.0. At each spermine concentration, there were four samples, two 
without tRNA and two containing 96 ug s.v.tRNA. One of each duplicate 
was pre-incubated at 50°C for 20 min, while the control was maintained 
on ice. The % activity at each spermine concentration in the absence 
of tRNA was calculated from a comparison of the initial rate of the 50° 
sample with the initial rate of the control kept at 4°C. A similar 
calculation was carried out to obtain % activity at each spermine 
concentration in the presence of tRNA. The protection due to tRNA alone 


is the difference between these values. 
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be seen to be due to loss of access to the enzyme. The decline in 
Protection by tRNA explains the inhibitory action of spermine at 

high concentrations. It is also clear that the Stimulatory action at 
low concentrations cannot be due to any stage of tRNA-enzyme 
association prior to interaction with the nucleoside triphosphate 
substrate. The cause of this stimulation is still a mystery, although 
it is now clear that the stimulation does not affect the recognition 


of tRNA by transferase. 


Discussion 


lt has been demonstrated that ATA and its analogs inhibit 
the tRNA 3'-terminal nucleotidyl transferase reaction. The triphenyl- 
methanes that were studied can be divided into two groups--those that 
resemble ATA, having no charge or a net negative charge, and those 
that resemble fuchsin basic, having a positive charge on the molecule. 
ATA, aurin, and azure blue B belong to the first group; fuchsin basic 
and fuchsin acid to the second group. At physiological pH, fuchsin 
basic is positively charged and will interact with nucleic acid. 
Fuchsin acid has zwitterion character. These two compounds are 
effective in the range of the acridines (see Chapter 4), and may 
inhibit the transferase reaction by a different mechanism than ATA. 
It is not the intention of this study to produce more compounds that 
interact with RNA, so the cationic triphenylmethanes are included 
merely for interest. The group of aurins that resemble ATA are not 
expected to interact with RNA; in fact, it is found that ATA 
interacts specifically with enzyme. Examining structural] 


differences among these compounds (Table 7), it can be seen that loss 
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of the carboxy] groups at C5, with loss of the negative charge, 
renders aurin a much less efficient inhibitor than ATA (40-fold 
difference in 1-50). On the other hand, azure blue B possesses the 


carboxyl groups, but it has in addition, a bulky methy] substituent 


ated 35 
3 0 
HO a 4 
OH 
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G 6 Q 
B 
OH 


This bulky substitution drastically reduces tne inhibitory power: 
azure blue B is 100 times less effective than ATA. This contrasts 
markedly with the effect of methyl] substitution on the aromatic 

rings of the acridine series (Chapter 4), where an increase in 
inhibitory power occurred due to increased stacking tendency of the 
dyes. Considering the ring A in the structure of the tripheny]- 
methanes given above, it can be seen that bulky substitution at C3 and 
loss of the carboxyl group at C5 reduce the structural similarity 
between that part of the triphenylmethane molecule and nucleotides, 


for example cytidine: 
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The addition order experiment shows less inhibition of 
transferase if enzyme and s.v.tRNA are present together, prior to 
addition of ATA than if enzyme is added last (which was the normal 
order used for the concentration curves). This suggests that tRNA 
may partially protect the enzyme from the action of ATA. It may be 
that ATA associates with the enzyme at a site normally occupied by 
tRNA. In fact, the binding study indicates that aurin, ATA, and 
azure blue B cause inhibition of the binding of tRNA to transferase. 
In addition, R17 RNA binding to transferase is sensitive to ATA at 
about the same dye concentration as tRNA binding, this binding being 
monitored for similar ug quantities of each polynucleate. This suggests 
that ATA interacts with the non-specific nucleic acid binding site(s) 
on transferase (as discussed in Chapter 3), rather than only with the 
specific site that tRNA alone is able to occupy. The inhibition of 
binding then prevents catalysis by transferase. Thus, understanding 
the mode of interaction of transferase and smal] cyclic compounds 
like ATA may lead to a determination of the mechanism of tRNA 
recognition. 

For the polyamines, the picture is less clear. It is 
obvious that these compounds both stimulate and inhibit activity in the 
incorporation reaction, depending on the concentration. The order of 
effectiveness of polyamines Is spermine>spermidine>putrescine: the 
more cationic species are more stimulatory. The effects are additive, 
suggesting that polyamines in this system do not function as mere 
replacers of Hosa: There has not been a specific site of action 
found, but it has been observed that there is a salt-type effect on 


thermal inactivation. Spermine shows only one effect on the initial 
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Stages of tRNA-enzyme interaction. Thermal protection of the enzyme 
by tRNA declines steadily as spermine concentration in the pre- 
incubation mixtures increases. There is no increased protective 
effect at 2 mM spermine. The stimulatory effect thus does not 
involve an influence on tRNA-enzyme association, prior to the binding 
of the nucleoside triphosphate substrate. The inhibitory effect 
seems to be the result of physical separation of the tRNA substrate 
and transferase, since it has been found that high concentrations of 
spermine cause tRNA to precipitate. 

Thus, the polyamines represent compounds which have con- 
siderable effect on the transferase system, but whose function is only 
partially determined. Future interest will no doubt be directed to 
determining the cause of the stimulatory effect and its relation, if 
any, to the process of tRNA recognition by transferase. For the 
aurins, the compound of importance is ATA. It inhibits the 
incorporation reaction at very low concentrations by interaction with 
transferase itself. Moreover, the inhibition occurs at the first 
stage of the reaction, i.e. binding of tRNA. The specificity of this 
compound makes it attractive as a probe of the enzymic recognition 


site for. transfer RNA. 
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